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THE NUMBER DENSITY METEOR TRAILS OBSERVABLE 
THE FORWARD-SCATTERING RADIO WAVES! 


ABSTRACT 


The number meteor trails which can detected the forward-scattering 
radio waves varies with the region the sky under observation. The number 
density determined theoretically, function position relative the trans- 
mitter and receiver. 


INTRODUCTION 


Meteor trails can detected the forward-scattering radio waves. 
receiver, the signal scattered from individual trail appears short 
pulse. convenient way measure the relative number trails thus de- 
tected under different conditions count the number pulses which have 
amplitude greater than certain given amplitude. this paper, trails 
which cause such pulses are called ‘observable’. Observable trails are not 
uniformly distributed over the sky, because certain observational factors 
which vary with position. These factors are synthesized the present paper, 
and distribution function for observable trails found. 

the development undertaken here, isotropic distribution meteor 
radiants assumed. That is, the number meteors incident from element 
solid angle the celestial sphere assumed independent the 
direction the element concerned. This assumption not justified hour 
hour basis, but since there considerable smoothing the incidence 
pattern meteors when averaged over whole day, the assumption reason- 
able when mean measurements are considered. Accordingly, this paper takes 
account observational factors only insofar they affect mean measure- 
ments. similar development has been published Eshleman and Manning 
(1954), but with different approximations and somewhat different purpose. 
contrasted with the present work companion paper (Hines and 
Pugh 1956). 

FORMULATION 

Since specular scattering radio waves from underdense meteor trails 

essentially process Fresnel diffraction (Eshleman 1952), almost all the 
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scattered radiation can attributed the principal Fresnel zone. For this 
reason, the following working hypothesis (Hines 1955) adopted: those trails 
which contain the center points the associated principal Fresnel zones 
within their lengths are ‘potentially observable’, and those that not are not. 
The points are those which the meteor trails become tangent one 
other family ellipsoids revolution having the 
axis axis revolution, and the points and foci. 

cartesian coordinate system, (x, 2), will employed, having its origin 
the center the axis, its positive direction along VR, and its 
positive axis the direction the zenith over (see Fig. 1). convenient 


Fic. Geometry potentially observable trails: the center the principal Fresnel zone 


introduce the position vector and the subsidiary vector 
between and and the semimajor axis the relevant ellipsoid, 
passing through (x, may determined from the equation 
for any given point (x, 

the first instance, meteor trails may thought extending between 
heights and (with above the earth’s surface. fact, course, 
they occur with varying ionization content over range heights, their 
effects would actually determined weighted integral over varying 
between some lower and upper limits. However, neither the weighting factor 
nor the limits vary appreciably function orientation according the 
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present theory trail formation (Herlofson Moreover, the effects 
considered are free from any marked variation with height. appears, 
then, that the integrated effect would have essentially the same variation with 
and the integrand itself, and the simple picture trail extension 
would lead reasonably valid result. This simple picture will therefore 


adopted. 
The vertical height corresponds slant height 


measured along the normal the ellipsoid the point (x, where 
the zenith angle the normal (see Fig. 1). The direction the zenith 


where the distance from the earth’s center. This distance never 
less than about 6300 km., practice, and the relevant values and are 
normally less than 500 km.; accordingly, nearly unit vector. (These 
restrictions are introduced horizon effects, since the trail must lie within 
the region the sky common both the transmitter and the receiver, 
detected.) Cos may calculated with the aid (2): 


any point with coordinates (x, all potentially observable trails 
must lie the plane tangent the ellipsoid The number po- 
tentially observable trails which can attributed area element 
between and x+dx, and y+dy, height will now calculated. The 
point assumed lie sphere with center the earth’s center and with 


Fic. normal projection the area element, onto the plane tangent 
the ellipsoid through 
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radius being the radius the earth. The corner points the area 
element are denoted respectively, the sense indicated 
Fig. These points can projected along the normals the corresponding 
ellipsoids, onto the points respectively, lying the plane through 
tangent the ellipsoid The various normals differ direction only 
differential angles, the projection may also thought normal pro- 
jection onto the tangent plane. 
The positions the points and are given the position vectors: 


(4) 

respectively. The components satisfy the equations 
(5) 


Here, throughout the development, differentials higher order than those 
necessary are omitted. These equations lead the following expression for Ar: 


The components A’r satisfy equations similar (5). They the ex- 
pression 

(7) A’r = dy. 


The angle between and denoted (see Fig. 3). Cos may found 
from the relation 

The following formulation will adopted: those trails which pass through 
the rectangular element area defined the two sides and and 
which have associated points lying between this element and parallel 
plane through will attributed the element dy. This formulation 
provides one method taking into account all potentially observable trails, 
and assigning them area elements near their respective points. 
erroneously includes some trails whose points would just below 
level, but automatically compensates for this ignoring like number 
whose points lie just below the level. 

Attention may first confined trail which passes through will 
intersect the plane some point Y’, whose projection onto LBCA 
the element dy, then its point must lie between and Y’. This will 
occur the angle less than the differential angle, dx, between the 
ellipsoid normal and that Y’. This differential angle depends 
the position along BC, and the angle between and LA. This 
incidentally, essentially the same that introduced Eshleman (1952), 
and employed Eshleman and Manning (1954), specifying trail orien- 
tation. 
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METEOR 


TRAIL 


Fic. trail through considered potentially observable, and attributable the area 
element dy, its point lies between and Y’. This implies that the angle between such 


Using (6), (7), and (8), not difficult show that the coordinates are 
(9) ry = r+rzydy. 


Here, vector lying the direction given 


Since lies the plane which tangent follows that the semimajor 
axis the ellipsoid through differs from the semimajor axis the ellipsoid 
through only second order differential. The normal then has the 
direction: 


’ e 


where and are found from and rzy the same way found 


The angle may now calculated from (10) and (11): 


sin 
a’—D*) 


derived, applies only trails which pass through However, similar 
development for trails passing through any other point the rectangle, 
would have led angle differing from higher order 
differentials only. Accordingly (12) applicable all meteor trails 
attributable dy. 
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The area perpendicular those trails with orientation the normal pro- 
jection the element defined and onto the plane normal the 
trail axis. This area 


1 


now evident that those potentially observable trails with orientations 
the range which are attributed the element dy, must 
come from element solid angle and must pass through element 
area da, plane normal their path. Then, with the assumption 
isotropic distribution meteor radiants, the number fulfilling these conditions 
will have the functional form da,. 


NUMBER DENSITY OBSERVABLE TRAILS 


order that scattered signal considered observable the receiver, 
its amplitude must exceed certain minimum amplitude, say. Following 
the method Hines (1955), the fraction potentially observable trails 
which scatter signal the receiver, amplitude greater than A,, pro- 
portional G(x, y)fo(x, 8)/Ac, where G(x, the geometric mean the 
transmitter and receiver antenna gains, and 


cos 


amplitude factor derived from Eshleman’s formula for forward-scattered 
power. This the Eshleman amplitude factor modified Hines take 
into account the variation ionization density with orientation the trail, 
for the case which the transmitting antenna propagates, and the receiving 
antenna accepts, only particularly polarized components the electric vector. 
These will taken the horizontally polarized components here. (14), 
the zenith angle the trail and the angle between the electric vector 
the wave incident the trail and that component accepted the receiving 
antenna; and are the respective distances from and and 
the forward-scattering angle The zenith angle calculated with the 
aid equations (2) and (10) from the relation 


The zenith has the direction 


where the angle subtended the earth’s center the line (see Fig. 1). 
The line has the direction 


The condition for horizontal polarization implies that, (A, are the 
direction cosines the electric vector incident the trail then 
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The condition for transverse wave implies 
(19) 


Equations (18) and (19), together with the implicit condition 
yield expressions for and Similar equations may obtained for the 
direction cosines the component accepted the receiving antenna, 
found 


Combining equations (12) and (13) with the expression given above for the 
fraction potentially observable trails which are, fact, observable, the 
number observable trails with orientation between and pro- 
portional 


Integrating over all possible orientations, the mean number observable 
trails which are attributable proportional 


Bmax 


The limits integration are chosen such that the zenith angle the 
limits, with minimum between. Since cos given equation (15), 
the form 


follows that 
(23) 


and that Bmax because the signs and c(x, y). 


The integration indicated (22) can carried out standard methods. 
The result is: 


where 


Vdid2(d,+d2) 
and 


Bmin 


sin 
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Normally, evaluating sufficient adopt the approximations 


(27) sinBm = » COS Bs = 


These reduce cos value the order x/R y/R, rather than zero 
required for the exact integration limit, but this should suffice practice; for 
500 km., the limiting are within the required 90°. The error 
negligible since the number density observable trails proportional 
cos the number trails omitted one limit integration added 
the other will extremely small compared with the total. 
The geometric relation 


been employed already reducing the various factors there. conjunction 
with the (27), further simplifies (26) the form 


Except for G(x, y), which depends the particular antenna patterns em- 
ployed, all factors entering can calculated once specific 
are adopted. The product U(x, y)I(x, for 500 km., 100 km., 
presented the form contour chart the following paper (Hines and 
Pugh 1956). 
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THE SPATIAL DISTRIBUTION SIGNAL SOURCES 
METEORIC 


ABSTRACT 


The spatial distribution observable meteor trails determined, with the 
aid the ‘cylindrical approximation’ appropriate forward-scattering observa- 
tions. Contour charts the distribution are presented, and found compare 
favorably with those obtained from more exact analysis, presented com- 
panion paper. Typical effects the signal durations are also examined. 
whole compared with earlier development Eshleman and Manning 
(1954), which treats closely related aspects meteoric forward-scattering. 


INTRODUCTION 


When meteor trails are detected the forward-scattering radio waves, 
they not appear distributed uniformly over the sky. Instead, the 
method observation itself leads selective enhancement certain 
regions the expense others. companion paper (Pugh 1956), which 
will designated henceforth the basic effects were considered and 
theoretical distribution function was derived. The development was com- 
plicated, since the simplifying assumptions were purposely kept minimum. 
particular, the ellipsoidal geometry associated with specular forward- 
scattering was retained. 

earlier analysis (Hines 1955), which will designated II, dif- 
ferent aspect the same problem was treated. There, was found convenient 
replace the relevant ellipsoids family cylinders having the trans- 
mitter-receiver line common axis. This cylindrical approximation 
greatly simplifies the conception meteoric scattering problems, and greatly 
reduces the analytical and computational labor involved. inherently 
accurate when regions equidistant from and are considered, and such 
regions are often greatest importance practice result antenna 
illumination. 

the present development, the problem treated reconsidered with 
the aid the cylindrical development II. The resulting formulae are natu- 
rally simpler, and are more readily employed. The principal purpose the 
analysis, however, obtain some indication the validity the cylindrical 
approximation itself. This accomplished displaying, single contour 
chart, the distribution observable trails computed the two methods 
separately. 

found that the two sets curves are close agreement over most 
the region practical importance. similar agreement expected 
whenever the separation exceeds that used the compu- 
tations, which 1000 km. For such path lengths, then, the further use the 
cylindrical approximation seems justified. 
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Some effects signal durations are considered later section, and illus- 
trated contour charts. Finally, the whole analysis contrasted with that 
given previously Eshleman and Manning (1954). 


II. OBSERVABILITY FUNCTION ORIENTATION 


The development presented summarized and extended this 
section, provide framework for the subsequent analysis. Reference may 
made the original work for details. 

The cartesian space coordinates used are those defined rather than 
those The transmitter and receiver are located the axis, atx 
and respectively. The axis directed upwards from the point 
midway between them. The coordinate then measures distance either side 
the axis. 

Two parameters, and.y, specify the orientation meteor trail. These 
are such that the direction cosines the trail axis are given [cos —sin 
Xsin sin cos Thus measures the angle between the trail axis and the 
T-R axis, while measures the angle between the vertical plane and the 
inclined plane which measured (see Fig. 1). These definitions are equiva- 


TO TRANSMITTER 


MID-POINT 
OF T-R AXIS 


PARALLEL TO 
METEOR TRAIL 


x 
RECEIVER 


Fic. Definition meteor trail orientation parameters, and relative cartesian 
coordinate system. 


lent those given II, where and were initially introduced locate the 
meteor radiant the celestial sphere. The definition also equivalent 
that given the companion paper when the trail located near the 
plane. This often the region greatest interest, since often the region 
most strongly illuminated the antenna systems. 

meteor trail considered ‘potentially observable’ only can 
support specular scattering between and Specular scattering occurs 
the trail tangent one family prolate spheroids about and 
common foci. Near the plane, these spheroids approximate cylinders, 
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and the analysis greatly simplified the condition for exact specular 
scattering replaced one for tangency cylinder. 

With the use the cylindrical approximation, can shown that trails 
with orientation are potentially observable and only they cross the 
plane 
(1) z=ytany. 


Trails are confined narrow range heights, located about some repre- 
sentative level height above the earth’s surface. Near the plane again, 
this level cut the observation plane (1) given 


where the earth’s radius and sin D/R. The corresponding 
can obtained inserting (1) (2). 

Within the approximations, then, meteor trails with specific orientation 
are potentially observable only they lie near specific line. This line extends 
the direction, and lies distance the side the axis and 
distance above it. Potentially observable trails are formed element 
this line, some rate proportional the total incidence rate from the 
radiant position, and proportional factor which takes into 
account the cross section the region potential observation. 

The peak amplitude the signal received via one these trails depends 
the parent meteor. The form 


will adopted for this peak amplitude. 

One the most simply interpreted observables meteor-scattering studies 
the occurrence rate peak amplitudes which exceed some arbitrary counting 
level From (3), such signals are received from trails whose parent meteors 
had masses exceeding 


will assumed that inverse square law holds for the mass distribution, 
the incidence rate sufficiently massive meteors proportional 


me 
Finally, since these scattered signals come only from potentially observable 
trails, the desired occurrence rate signals exceeding found pro- 
portional 


51(B, ¥)52(B, x)dx/A- 
and the total incidence rate from the direction. The trails which pro- 


vide these signals are termed ‘observable.’ 
The full analysis results the following ‘differential observability factor’ 


for the product 
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Here G(x, the geometric mean the transmitting and receiving antenna 
gains the direction and are the corresponding distances; 
the ‘forward-scattering angle’ subtended the trail; and the 
angle between the polarization vector incident the wave and that component 
which accepted the receiving antenna. will assumed this work that 
the transmitting antenna propagates, and the receiving antenna accepts, only 
horizontal component the electric vector. 

finite observability factor, applicable the orientation without 
practice, with common antenna systems and large 
separations, often found that G(x, provides the dominant variation 
the integrand this process. Indeed, only the assumption that falls 
rapidly zero inereases that the earlier approximations 
justified. Accordingly, equally valid calculate the remaining 
factors the integrand for alone, and reduce the integration the 
evaluation The observability factor derived would then 
result, except for irrelevant factor. The relations for are 

sin D/r, 


With regard the total incidence rate from the direction, which must 
multiply two cases are distinguished. The first that shower 
meteors, which are incident from single radiant position any time. 
the strength the shower remains constant the radiant moves across 
the sky, then the time variation the observation rate will given directly 
showers have been given and compared with the corresponding observa- 
tions elsewhere (Forsyth, Hines, and Vogan 1955). 

When random meteors are considered, incident from all radiant 
positions, the interpretation slightly more involved. distribution function 
must then introduced, such that the incidence rate meteors from 
radiant positions within element solid angle about the position 
has the form This distribution differential should then multiplied 
Fo*(8, and integrated over the visible celestial hemisphere 
not uniform over the celestial sphere, and changes the course the day. 
The diurnal variation the integral then gives the diurnal variation the 
observation rate for random meteors. Typical results from this sort analysis 
are presented elsewhere (Hines 1956). 


III. OBSERVABILITY FUNCTION POSITION 
primary purpose this paper indicate the spatial distribution 
observable trails. has been seen, the location such trails depends 
their orientation, and the new problem linked directly the old. The 
transformation from the one the other presented this section. 
The two coordinates and are sufficient for the purpose, since 2(x, 
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virtue the restriction the level. The variation the distribution 
already contained dF, and only remains obtain the variation 
quantity gives the rate which meteors are observed, means received 
signals exceeding the counting level, the region above the element dy, 
for radiant positions the range The condition removed 
integration, provide the total rate applicable the element dy. 

For simplicity, and for comparison with the companion paper, will 
normalizing factor (unless absolute rates are required). The variation 
confined factor and elementary quadrature 


Direct calculation reveals that this integral varies only few per cent over 
1000 km., 100 km.). The value its further retention therefore 
doubtful, and may totally ignored any rough computation. From (1) 


and (2), the relation 
(9) dy/dy cos cos 


can derived without difficulty. Except large near the extreme 
limits the region interest, both (6) and (9) can reduced taking the 

summarize the foregoing transformation explicitly, the distribution 
function 


may introduced. This gives measure the number signals which will 
observed, above given amplitude level, after scattering from meteor trails 
are assumed derived from (1) and (2). The approximations (7) may 
employed without serious error when small, although more accurate 


(10) 


relations are easily derived. 


IV. CONTOUR CHARTS FOR THE SPATIAL DISTRIBUTION 
OBSERVABLE TRAILS 

Fig. are presented contour charts representing the distribution function 
n(x, y), derived from the formulae (solid curves) and derived 
here with the aid the cylindrical approximation (broken curves). each 
case, the distribution normalized value 100 the saddle point 
km.). The figure represents only one quadrant the level, with 
origin above the mid-point the 7—R axis and the 500 km., point 
above the receiver; the remaining quadrants can pictured symmetry. 
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400 


300 


100 


100 400 500 


Fic. observable meteor distribution (number density meteors giving 
received signals above counting level). Solid curves computed from formulae the com- 
panion paper; broken curves from the cylindrical approximation. Dotted curve repre- 
sentative normal boundary effective antenna illumination. The receiver 500 km., 
the path mid-point the origin; other quadrants symmetry. Isotropic incidence 
assumed. 


The calculations for the companion paper, were derived directly from 
the product U(x, presented there. The testing the cylindrical 
approximation was readered more significant ignoring the relations (7), 
computing and 


functions not only but also these calculations, was still con- 
sidered function alone, given (1) and (2), since this approxi- 
mation inherent some the formulae derived here. For convenience, 
however, cos was taken the same function and that com- 
puted for the more exact curves, even though this assumes 2(x, y). The 
distinction becomes relevant only the region where the cylindrical approxi- 
mation breaks down any case. 

noted that the quotient y)/G(x, illustrated, rather than 
alone. This because the gain factor G(x, may quite different 
for different experimental arrangements, whereas the quotient typical 
for all cases which 1000 km. practice, then, the true distribution 
observable trails can found from the contour chart only after the compu- 
tation the appropriate G(x, y), and its subsequent superposition the 
figure. Conversely, the figure can employed suggest the most efficient 
antenna arrangements for experimental use. 


(50) 
(km) 
200 
. 
: 
. 
(75) 
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The dotted curve the figure represents contour consiant gain, 
derived for typical broad-beamed (50°) antennas the transmitter and 
receiver, directed the 100 km. level over the mid-point. (See for more 
detailed specifications.) The contour shown that which G(x, has fallen 
one tenth the maximum value, G(0, 0). Accordingly, far the greater 
part the received energy must come from within the region outlined 
the dots. 

This region has been introduced illustrative the broadest area 
level that will normally illuminated the antennas propagation path 
length 21000 km. apparent that, within this region, the cylindrical 
approximation leads extremely good agreement with the more accurate 
results. Except when unusual antenna configurations are employed, with 
appreciable illumination outside the region shown, would seem that the 
further application the cylindrical approximation justified. 

may noted that, the approximations (7) had been employed, the 
broken lines would have been parallel the axis, maintaining essentially 
the same values those computed here for evident that the 
resulting errors would have been few per cent most, the region 
greatest interest, and that these errors are self-compensating nature when 
integrated results are considered. Because the basic physical uncertainties, 
and the inherent statistical variations any observations, such errors should 
quite acceptable. 

treated, the quotient y)/G(x, use when different illumination 
patterns G(x, are considered. Typical results obtained from Fig. with 
varying illuminations, are presented elsewhere (Hines, Forsyth, Vogan, and 
Pugh 1955). 


EFFECTS SIGNAL DURATIONS 


The foregoing analysis has been concerned with numbers signals, and 
with peak amplitudes. But many aspects meteor scattering are concerned, 
well, with the durations the scattered signals. Two such aspects the 
problem are treated this section. 

Once again, assumed that the peak amplitude given x), 
(3). This form applicable the so-called underdense trails, and will 
assumed that all trails are this nature. The signal from these trails will 
considered rise instantaneously from zero amplitude the peak value 
time and then decay exponentially according the law 


The decay constant may vary from trail trail, but its variation presumed 

The first effect considered that the mean signal level, or, more 
precisely, the mean detected power level. Because the variation 
durations, the regions which contribute most this level are not necessarily 
the regions where the greatest number observable trails occur. The effective 
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distribution mean signal sources can, however, determined formally 
without difficulty. 

For this purpose, and obtain results finite form, necessary 
introduce saturation amplitude, A,. saturation would arise practice 
from equipment parameters, else, effect, from the changed radiation 
characteristics densely ionized trails. The assumption made that 
received signals with amplitude would detected signals with ampli- 
tude A(t), except As, when they would detected signals with 
amplitude 

The calculation the mean signal level now proceeds two parts, the first 
which takes into account signals having For these, the detected 
power (by suitable choice units) until the time 


(13) 


The detected energy then given for this time interval. 
Subsequently, the detected power and the detected energy 


ts 

The net detected energy then 


where (3) has been This result applies all signals with 
all potentially observable meteors with mass The 
detected energy from all meteors this category (in the range dx) then 
the form 


ms 
The second part the calculation concerned with the remaining signals, 
those with The energy obtained from any one them derived 
(14), but with replaced then given This result applies 
all potentially observable meteors with mass and leads net 
detected energy the form 


0 
adding (16) and (17), seen that the net contribution the mean 
signal level from all potentially observable trails the range has the 
form 


where, for present purposes, the constant factor 2A, irrelevant and the 
incidence pattern may ignored. The factor gives the functional form 
the observable trail distribution, the sense previously defined, whereas 
the factor provides the modification necessary for converting that distri- 
bution distribution the mean signal source. This illustrates one effect 
signal durations meteor scattering observations. 
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Signal durations will naturally have effect upon the length time the 
signal level exists above any arbitrary counting level, and this the second 
effect considered here. will assumed that the counting level 
sufficiently high that there appreciable overlap individual signals. 
The correction for overlapping signals fairly routine, once the fraction 
time spent above the counting level determined. The actual fraction depends 
absolute incidence rates, which are not under consideration here. 

The analysis once again concerned with observable signals alone, and 
with A,> and The time spent particular signal 
above 


and the distribution time spent above all observable signals has the 
form 


me 
apparent that the same functional dependence obtained this problem 


that the mean signal. 
calculating duration effects, will assumed that the decay constant 


has the form 
(20) 


with constant, given Eshleman and Manning (1954). The trans- 


400 


100 


100 300 400 500 


Fic. Fig. but contours illustrate distribution sources mean signal level, 
sources signal duration above counting level. 
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before, the extra factor being carried through. Accordingly, the spatial 
distribution corresponding can derived from the earlier calculations 
simply multiplication The resultant contour charts (renormalized 
maximum 100) are presented Fig. where the solid curves and broken 
curves have the same significance before. may noted that the 
factor strongly dependent and the approximation given for (7) 
cannot normally applied duration effects, without introducing appreciable 
errors. 


VI. COMPARISON WITH THE WORK ESHLEMAN AND MANNING 


Eshleman and Manning (1954) derived contour charts similar those 
Figs. and one the first theoretical discussions meteoric forward- 
scattering. Their analysis differed somewhat principle, well detail, 
from that presented here, but comparison the two methods attack 
interest. 

With regard the principles, comparison may first made between their 
Fig. and the present Fig. (solid lines). Although very similar appearance, 
these two figures display essentially different quantities. Theirs, the one 
hand, displays the distribution what have here been termed potentially 
observable trails. The present contours, the other hand, take the scattered 
signal strength into account well, and require that above given 
counting level. 

Their Fig. like the present Fig. intended display the distribution 
mean signal sources. does this, however, modifying the potentially 
observable distribution power factor. The appearance (16) and 
(17), rather than indicates that amplitude correction fact order, 
even though the received power that being considered. The distinction 
important practice, when the use high gain antennas contemplated; 
their effect not nearly great might previously have been supposed. 
(This direct result the assumed inverse square distribution meteor 
masses, and the assumed linear dependence signal amplitude mass.) 
The effect the exponential decay mean signal was taken proportional 
Eshleman and Manning, choice which has been justified the 
preceding section under suitable definition ‘mean signal’. 

addition the differences principle between the two analyses, there 
are some differences detail. Eshleman and Manning, for example, considered 
plane meteoric region 100 km. above the axis, whereas curved layer 
has been adopted here and 100 km. above the surface. This 
introduces difference some km., which the depth the mid-point 
the 1000 km. axis below the curved surface the earth. Again, they 
assumed the polarization factor close unity, whereas here the factor 
that appropriate horizontally polarized transmission and reception. 
this factor that introduces the truncated ‘zero’ contour Figs. and and 
provides related warping the other contours. 

Eshleman and Manning adopted meteor trails constant length, and 
neglected the variation ionization density with orientation. Here, the 
variation ionization density with height was taken independent 
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orientation, while the actual density specific height was taken vary 
the cosine the zenith angle These conditions introduce extra sec 
factor and cos factor The inverse square law mass distribution 
leads direct product these two factors, and the net result 
different this account. 

Finally, Eshleman and Manning attributed potentially observable trails 
the region which the center the trail lay. Here, trails were attributed 
the level the points where the latter was intersected the inclined plane 
observation—or, the more exact description the points where 
was cut the normals the appropriate ellipsoids. effect, each analysis 
contains some error inherent reducing the three-dimensional array 
observation points two-dimensional description, and the errors are some- 
what different the two cases. 

VII. SUMMARY 


The trails which contribute meteoric forward-scattering are not dis- 
tributed uniformly over the sky. Their effective distribution can derived 
from Fig. for 1000 km. path, calculating the gain pattern G(x, 
appropriate the 100 km. level, and combining with the contours shown 
there. this case, the distribution refers the number trails which provide 
signals exceeding some arbitrary level. The solid curves should used for 
accurate work; the broken curves result from the cylindrical approximation. 
The incidence pattern meteors assumed isotropic. 

Similarly, the contours Fig. can combined with the gain pattern 
give the distribution mean signal sources, the distribution sources for 
length time signal above counting level. 

The cylindrical approximation provides accurate results with much less 
labor than the full analysis, for illumination patterns which are largely confined 
region within 100 200 km. the plane meteor heights. The 
continued use this approximation therefore seems justified. The 
approximations implied (7) are useful also, except for calculating when 
duration effects are involved. 

Although different principle and detail, the analysis Eshleman and 
Manning led contour charts which are quite similar those presented here. 
Extensions that analysis, the case anisotropic incidence patterns 
(Villard, Eshleman, Manning, and Peterson 1955), should yield results which 
would comparable corresponding extensions the present development. 
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HIGH RESOLUTION RAMAN SPECTROSCOPY GASES 
VII. ROTATIONAL SPECTRA s-TRIAZINE AND 


ABSTRACT 


The pure rotational Raman spectra s-triazine and 
vapor were photographed the second order 21-ft. grating 
spectrograph. The rotational constants were found 
together with the assumption that the molecule planar and has bond 
length 1.084 give the following values for the parameters: 
ro(CN) ZNCN 127°, and ZCNC 


INTRODUCTION 

The molecular symmetry and structural parameters symmetrical triazine 
the solid state have recently been determined X-ray diffraction. Siegel 
and Williams (1954) have found that the molecule planar and has the 
symmetry D3, represented Fig. Wheatley (1955) confirmed these results 
and also determined the structural parameters; obtained r(CN) 

The purpose photographing the pure rotational Raman spectrum 
vapor was provide independent check the molecular di- 
mensions, particularly since recent investigations the benzene molecule, 
which the triazine molecule similar both geometrical structure and 


Fic. and structural parameters the s-triazine molecule, drawn scale. 


number electrons, seemed show difference between the C—C distances 
the vapor and solid phases. The value obtained spectroscopically for benzene 
vapor (Stoicheff was 0.02 larger than that given initially for the 
solid X-ray diffraction (Cox and Smith 1954). Cox, Cruickshank, and 
Smith (1955) have shown that this difference only apparent, and due 
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the effects anisotropic thermal oscillations the benzene molecule 
the crystal lattice. Further, these authors state, possibility systematic 
errors atomic positions due angular oscillations the molecules (or 
parts them) arises nearly all crystal structure The results 
the present spectroscopic investigation s-triazine vapor give further evidence 
support this view; value 1.338 was obtained for the C—N distance, 
which compared with the value 1.319 found the crystal. 


EXPERIMENTAL 


The apparatus described paper (Stoicheff was modified recently 
include four lamps place the two original lamps, resulting twofold 
gain intensity. Also, tenfold reduction exposure time was obtained 
placing cylindrical lens front the photographic plate the spectrograph. 

The samples s-triazine and s-triazine-d; were prepared the Stamford 
Research Laboratories the American Cyanamid Company, Stamford, 
Conn., connection with study the vibrational spectra (Lancaster and 
Stamm 1956). The preparation s-triazine has been outlined Grundmann 
and Kreutzberger (1954). The deuterated sample was obtained using 
DCN and place HCN and reactants. Mass analysis the 
deuterated triazine indicated isotopic purity better than 95%. Both 
triazines were repeatedly sublimed over before using. both experi- 
ments small samples the crystalline form were sealed the Raman tube 
and the temperature the Raman tube was then raised about 75°C. with 
the coldest part kept 70+2°C. According the relation between vapor 
9.954, the vapor pressure 70°C. about 140 mm. Hg. This pressure was 
maintained during the experiments with s-triazine, but the pressure 
was probably not higher than 100 mm. owing the small 
quantity available for these experiments. 

Several plates the rotational Raman spectra were obtained the second 
order 21-ft. grating spectrograph, linear dispersion 1.2 A/mm. 
One photograph the s-triazine rotational spectrum was taken without the 
cylindrical lens exposure time hr., another with the cylindrical 
lens three hours. Two spectra the deuterated s-triazine were photographed 
with the cylindrical lens and hr. Second- and third-order iron lines were 
used for wavelength calibration, the source being iron hollow cathode 
similar that described Crosswhite, Dieke, and Legagneur (1955). 
Unfortunately, the region 4358 only few lines excited with this 
source have been measured interferometrically, and therefore the values 
the wavelengths listed the Tables were used. For the few intense 
lines which have been measured interferometrically (Stanley and Dieke 1955), 
comparison with the values the M.I.T. Tables shows small and almost 
constant wavelength shift. However, this shift does not affect the absolute 
accuracy the Raman displacements since, usually the case for rota- 
tional lines, the displacements are the averages the Stokes and anti-Stokes 
lines. 
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OBSERVED SPECTRA AND ROTATIONAL ANALYSIS 


Photographs the Stokes rotational lines s-triazine and 
are shown Fig. Each spectrum consists series finely spaced lines 
extending about from the exciting line. These are the branches 
(AJ with spacings approximately 0.86 and 0.77 for s-triazine 
and respectively. Although the region close the exciting line 
overlapped many grating ghosts, few lines the branches (AJ 
can seen both spectra. For the branches, the line spacing half that 
the branches. The line spacing 0.39 for the closest 
structure that has been resolved with the present apparatus. 

The wave number displacements the rotational lines each molecule 
were measured two plates and the average values are listed Table 
Agreement for unblended lines was within +0.02 The measurements 
for s-triazine are considered slightly more accurate than those for 
since the plates the latter spectrum are somewhat inferior. 

mentioned Section the X-ray diffraction investigations have shown 
that s-triazine planar and has the symmetric top configuration point 
group The observed rotational Raman spectra both isotopic molecules 


TABLE 


OBSERVED WAVE NUMBER SHIFTS THE ROTATIONAL RAMAN LINES AND 


s-Triazine s-Triazine 
25.31; 22.82, 
54.54, 


values are averages the Stokes and anti-Stokes lines measured two plates, except 
the values marked 

lines measured one plate only. 

*Lines blended with grating ghosts. 
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are consistent with such structure. For detailed analysis the rotational 
Raman spectra symmetric top molecules, the reader referred earlier 
papers this series benzene and allene (Stoicheff 1955). 

The present analysis based the lines the branches. Their wave 
number displacements are given (to very good approximation) 


According this equation, the rotational constants and can ob- 
tained from graph plotted against Such graphs 
are shown Fig. for both molecules. The constants obtained this way are: 
check these values were used calculate back the positions the 


rotational lines, and the agreement with the measurements was within 
+0.02 


x 


0.8570 


x fe) 


Fic. graph for the ground states s-triazine and lines 
blended with grating ghosts.) 


MOLECULAR STRUCTURE s-TRIAZINE 


Although the observed rotational Raman spectra are consistent with 
symmetric top structure for s-triazine, they not provide direct evidence 
planarity deviation the molecule from regular hexagon.‘ Both 
results were obtained from the X-ray data and are used below determine the 
molecular dimensions from the Raman data. 

The moment inertia about any axis the plane the molecule passing 
through the figure axis 


‘This result may inferred indirectly assuming the regular hexagonal structure and 
calculating the C-N and C-H distances from the Raman data above. The values obtained 
are ro(CN) 1.256 and 1.116 the distance far different from the X-ray 
value and the C-H distance larger than that found similar ring molecules. 


» 
0.7760 
0.7780 
x 
0.7740 
0.7730 % 
° 1000 2000 3000 4000 $000 
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(see Fig. 1). similar equation obtained for with replaced 
functions the three unknowns, and 

The numerical values the moments inertia obtained from the values 
given above and the atomic constants Cohen, DuMond, Layton, and 
Rollett (1955) are 


Since the two values are insufficient for the determination the three unknown 
parameters, several values the distance (from 1.05 1.09 were 
assumed, and the remaining parameters were evaluated. The values the 
structural parameters, compatible with the observed moments inertia, are 
given Table Since the bonds benzene have 


TABLE 


STRUCTURAL PARAMETERS OF S-TRIAZINE DETERMINED FROM THE ROTATIONAL RAMAN SPECTRA 
OF S-TRIAZINE AND S-TRIAZINE-d3 


ro(CH) ro(CN), ZCNC ZNCN 
1.070 124.8° 
1.084 1.338, 126.8° 
1.090 


similar bond environment, the bond lengths are expected nearly equal. 
Thus, included Table are the values the parameters assuming 
1.084 the value found benzene. Estimates the accuracy 
the parameters were obtained from the probable errors the values: 
these yield probable errors +0.001 the bond length and 
the angles. 

The bond length almost independent the C—H distance and has 
the value 1.338+0.001 marked contrast, the angles are strongly affected 
the value assumed for the C—H distance. 


DISCUSSION 


The value the bond length, 1.338 determined from the present 
Raman data s-triazine vapor 0.019 larger than that found Wheatley 
(1955) for the solid. This difference well outside the experimental error 
both investigations. mentioned earlier (Section A), this result analogous 
the original discrepancy 0.02 found between the C—C distances 
benzene the vapor and solid phases. benzene, this difference was 
accounted for when the full anisotropy the thermal motions was evaluated. 
Most likely the present difference between the C—N distances the vapor 
and solid phases s-triazine also not real and arises from similar rigid-body 
oscillations the crystal lattice, the effects which have not been included 
the X-ray analysis (Wheatley 1956). 


' 
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comparison the values the angles found here for 1.084 
and the X-ray investigation shows good agreement (although the errors 
the present values appear larger than the X-ray study). Moreover, the 
correction for thermal motion discussed above expected change the X-ray 
values the angles only very slightly, all. result, believed that 
the above values the angles and the assumed value 1.084 for the C—H 
distance are fairly reliable. Thus, the combined X-ray 
data give the following dimensions for s-triazine: 


ZNCN and ZCNC 113.2+0.4°. 


interest note that the distance s-triazine the same 
that found pyridine and melamine. value 1.340+0.005 was 
obtained for the C—N distance pyridine from the microwave spectrum 
(Bak, Hansen, and Rastrup-Andersen 1954) and value 1.345+0.01 
was obtained for the C—N distance the ring melamine from the X-ray 
diffraction data the crystal which included the corrections for thermal 
motions (Hughes 1941). This similarity the bond length s-triazine, 
pyridine, and melamine suggests that the length bonds all such ring 
structures the range 1.338 1.345 
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THE PHOTOPROTONS EMITTED FROM OXYGEN-16 


ABSTRACT 


The photographic plate method has been used study photoprotons emitted 
from oxygen gas exposed bremsstrahlung maximum energies 30, 35, and 
Mev. The proton energy distributions above Mev. show maxima corresponding 
peaks the excitation function 20.7, 21.9, and 24.0 Mev. The proton 
angular distributions are anisotropic, general agreement with function, 
but the high-energy protons exhibit degree asymmetry about the 90° angle 
which may due small electric-quadrupole interference effect. 


INTRODUCTION 


Since beams high-energy bremsstrahlung produced electron-acceler- 
ators have become available, many experiments have been designed study 
the nuclear particles emitted photodisintegration. The greatest interest 
attaches the emission single nucleons, and the work Byerly and 
Stephens (1951) and Dixon (1955) photoneutrons from copper and lead 
has revealed the main features their energy and angular distributions. 
These phenomena moderate energies can largely accounted for 
theories assuming that compound nucleus formed, with the residual 
nucleus left one many accessible excited states. The emission photo- 
protons from medium and heavy elements more difficult deal with 
theory because the effect restricts the yield charged 
particles and alters the energy distributions considerably. Nevertheless, 
experiments Byerly and Stephens (1951), Toms and Stephens (1951), 
Diven and Almy (1950), Dawson (1955), and others have demonstrated that 
the compound-nucleus theory can explain the main features photoproton 
emission from medium elements between magnesium and copper. also 
clear that the photoprotons emitted from heavy nuclei show anisotropy 
angular distributions which may explained assuming direct electric- 
dipole interaction, suggested Courant (1951), together with certain 
amount electric-quadrupole interference some cases. 

More recently, attention has been paid the emission photoprotons 
from light nuclei, where the Coulomb barrier usually negligible and specific 
effects due known excited states the residual nuclei may expected. 
reaction particular interest the disintegration oxygen-16: 


Mev. 


Here the residual nucleus has level between the ground state and states 
more than Mev. above it, that for photon energies Mev. above the 
threshold proton emission must leave the nucleus its ground state. 
The energy distribution the protons then reproduces the main features 
received June 12, 1956, 
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the excitation function for the reaction. Spicer (1955) has shown that investi- 
gation the oxygen photoprotons reveals least one peak the excitation 
function near Mev., while slightly higher energies the existence various 
minor peaks has been deduced Johansson and Forkman (1955). Stephens, 
Mann, Patton, and Winhold (1955) extended the measurements into the region 
the main electric-dipole resonance near Mev. They showed 
that the energy distribution protons with energies exceeding Mev. exhibits 
pronounced peak due the main resonance, with some indications sub- 
sidiary peaks well, but the energy region above the resonance could not 
explored. 

order study the dipole resonance more detail, desirable use 
method giving adequate resolution proton energies and extend the 
measurements photon energies well above Mev. particular 
importance locate the positions narrow peaks within the main resonance 
view experiments Katz and others (1954) and Penfold (1955) 
the the activation curves for the reaction this 
energy region. One expects each correspond with separate sharp 
level the nucleus, but this has not been checked, and there are difficulties 
the way accurate energy calibrations the betatron experiments. 
Another reason for prosecuting the work oxygen photoprotons the 
possibility establishing angular distributions the emitted particles and 
throwing light the process photodisintegration the main resonance 
region. 

This paper describes the results obtained detailed investigation 
photoprotons emitted from oxygen exposed bremsstrahlung produced the 
Mev. synchrotron Queen’s University. The machine was operated three 
ditferent energies, namely 30, 35, and Mev., and the protons were recorded 
photographic plates distributed around the gas column exposed the beam. 
Energy distributions protons above Mev. were found, also the angular 
distributions various energy groups over the angular range 35° 145° 
with respect the incident photons. The same apparatus has been used 
experiments photodisintegration processes other elements available 
gaseous form. 


APPARATUS AND EXPERIMENTAL METHOD 


The plate exposures were carried out camera designed specially for work 
particles emitted from gases high pressure and shown diagrammatically 
Fig. The X-ray beam was collimated lead blocks, in. thick, before 
reached the camera, and the beam diameter could adjusted either 
1.5 cm. 0.6 cm. the center the plate-holder, which was distance 
130 cm. from the synchrotron target. The beam passed into the apparatus 
through aluminum-alloy plate machined locally thickness 1/10 in. 
and left the chamber through similar plate. The body the camera was 
steel tubing, and the end-plates were held together six steel rods. Before 
the experiments were started the apparatus was tested successfully 
pressure 600 in. The control gas pressure over wide range 
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PLATES 
PLATE 
HOLDER 
27° PLATES 


SECTION 


Fic. gas camera section, with transverse section the plate-holder 
show the arrangement plates around the X-ray beam. 


high values was extremely useful feature the method, enabling one 
suppress low-energy tracks where necessary and providing sufficient yield 
particles from gases low atomic mass. this experiment the pressure 
was measured with Ashcroft Duragauge reading from —30 in. mercury 
+75 in. with retarded scale 150 in. The available 
accuracy about was considered sufficient view the possible impur- 
ities gases obtained directly from cylinders, and the filling system used 
pair needle-valves which performed the same degree accuracy. 

order prevent charged particles ejected from the aluminum reaching 
the plates the center the camera, the beam was surrounded cylindrical 
brass shields fixed the end-plates. The free space in. between the shields 
formed column gas around which four photographic plates were exposed 
pairs. With the geometry adopted, particles emitted from the gas column 
and entering the near edge each plate made angles between 25° and 155° 
the beam direction. practice tracks the extreme angles were recorded 
but the data were not relied and the useful range angles was from 35° 
145°. The plates, which measured in. in., were fitted plexiglass 
holder the dark room before being loaded into the camera. section across 
the apparatus the short side each plate was tangential circular aperture 
slightly larger than the actual X-ray beam use, the pairs plates being 
27° with the 1.5 cm. beam and 14° with the narrow beam. The maximum 
angle dip recorded for tracks entering the near edge plate was 35° 
with the larger beam and 20° with the narrow beam. Reduced angles dip 
could selected measuring tracks the further edge plate. 

Before each set exposures the central line the camera and collimator 
was aligned the direction the maximum X-ray intensity the use 
X-ray films exposed several positions along the axis. During run the 
synchrotron, which might last several hours, the pressure and temperature 
the oxygen were checked periodically. The energy the electron beam was 
fixed controlling the r-f. pulse length, and the beam intensity was monitored 
continuously ion chamber coupled via d-c. amplifier recording 
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meter. The calibration the monitor roentgens was carried out with the 
Mev. beam experiments the activity induced standard copper 
foils near the target, but the correct calibration and Mev. was not 
known the time these experiments. 

The plates were the Ilford C.2 and E.1 types, coated with 200 and 400 
emulsion layers. was found that the usual procedure for processing these 
plates, described Dawson and Livesey (1956), did not yield satisfactory 
tracks, apparently because the long exposures high-pressure oxygen bom- 
barded X-rays led some inhibition the latent image. The procedure 
finally adopted involved the use D.19 developer, which caused certain 
amount surface marking but gave strong proton tracks full range. Some 
plates were allowed for few days before being processed but these 
gave only faint indications the initial parts proton tracks the surface 
the emulsion. Most the plates were placed shortly after exposure 
distilled water, then cold solution consisting D.19 developer diluted with 
parts water, and they were kept overnight refrigerator 4°C. 
The developer was allowed warm slowly room temperature, spending 
min. between 15°C. and 20°C. The plates were again washed distilled water 
before they were put acid stop-bath, which was placed the refrigerator 
for min. The fixing solution was also kept cold during the first min. 
the plates’ immersion, after which fixation was completed room tempera- 
ture. After being washed the plates were soaked 30% solution glycerine 
before being dried, and this treatment was effective keeping the net shrinkage 
factor close unity. 

Two observers measured the tracks seen microscope traverses across the 
plates, and for each track the range and angle were recorded; different magni- 
fications were employed and frequent cross-checkings similar data were 
carried out. this experiment all tracks were assumed protons, except 
few dense tracks which were possibly alpha-particles and which were omitted 
analysis. The observed proton range the emulsion was corrected the 
addition range equivalent the gas traversed between the center the 
beam and the point entry into the emulsion, and the proton energy was 
found from the relation Gibson, Prowse, and Rotblat (1954). 
The width the beam introduced spread into the energies calculated, but 
this did not amount more than +0.1 Mev. the wide beam exposures and 
was quite negligible the case the narrow beam. 

The observers also recorded all tracks which went right through the emulsion, 
and these were used the compilation angular distributions high proton 
energies. Otherwise these angular distributions would modified considerably 
the escape effect, because tracks right angles the beam are much more 
likely enter the emulsion steep angles than those making small angles 
the beam. The observed energy distributions are necessarily affected 

escape, which causes losses from 8.5 Mev. upwards 200 plates exposed with 
the wide X-ray beam. 400 plates losses occur above 11.5 Mev., while the 
use the narrow beam with 200 plates makes the escape correction un- 
necessary below Mev. The upper energy limit for detection depended 
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the particular plate use, and the degree fogging, but the least 
favorable cases tracks Mev. were seen clearly and one the 
Mev. plates proton energy Mev. was recorded. 

The geometry the plates relative the cylindrical beam was such that 
the number tracks recorded small unit area distance from the 
center the beam should given the expression: 


net photon flux the beam, 
number target nuclei per unit volume the gas, 
perpendicular distance the beam axis from the plane the 
plate, 
angle between protons and incident photons, 
differential cross-section per unit solid angle angle 


small correction for the finite size the beam was calculated, and esti- 
mating the flux Schiff type spectrum was used. The data were grouped 
form energy distributions and angular distributions which the numbers 
per 10° interval were divided sin obtain ordinates proportional 
the yield per unit solid angle. 

all stages these experiments efforts were made detect spurious 
proton tracks produced photons and neutrons outside the defined X-ray 
beam. Background runs were undertaken with the camera evacuated, 
separate experiment the fast neutron flux inside and outside the beam was 
carried out, and various spurious effects were investigated theoretically. 
All tracks which did not come within the correct angle limits dip and azi- 
muth were rigidly excluded. These did not number more than few per cent 
the total abundance, and believed that background effects are negligible 
the following results. 


III. RESULTS MEV. AND MEV. 


Previous experiments the (y, reaction oxygen have shown that, 
with the maximum bremsstrahlung energy not exceeding Mev., the energy 
distribution protons above Mev. due those processes leaving 
its ground state. the measurements are extended higher energies there 
the possibility that excited states will affect the distribution, but this 
less likely if, expected, the excitation function drops sharply beyond 
the dipole resonance Mev. If, the other hand, the function shows 
peaks this region, there will corresponding peaks lower energies the 
proton energy distributions where the excited states are brought 
into play. important, therefore, investigate the higher proton energies 
first before discussing the distribution lower energies. will seen from 
the present results, the main features the dipole resonance are reproduced 
the proton energy distributions obtained with Mev. and Mev. brems- 
strahlung. Mev. all tracks recorded are likely protons from the 
(y, reaction because the thresholds for multiple reactions the 
and (y, 2p) types and for deuteron emission are too high allow particles 
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sufficient range produced. The Mev. results are less interpret 
the lower proton energies but they extend the useful range for study the 
(y, reaction photon energies well above the resonance. Throughout this 
work possible reactions the rare isotopes oxygen have been ignored. 
The first results were obtained from 200 and 400 plate exposed 
Mev. and the energy distribution 724 tracks above Mev. shown 
Fig. 2A. The main feature the histogram pronounced peak 9.2+0.1 
Mev. and this believed due the dipole resonance which therefore 


‘Br 
Mev: PLATES 


TRACKS 
Pp 
Mev 27° PLATES 


PROTON 
ENERGY 
IN Mev. 


Fic. Lower. Energy distribution 724 proton tracks plates exposed Mev. 
with full beam. 

Upper. Energy distribution for 205 tracks 200 plate exposed Mev. with 
narrow beam. 


located Mev. photon energy. The quoted error may doubled 
when take into account similar peaks observed other energy distributions 
and possible errors the relations used. The first results also 
yielded evidence subsidiary peaks near Mev. and Mev. proton energies, 
but the high-energy side the resonance could not well investigated owing 
the low abundance photons above Mev. the bremsstrahlung spec- 
trum. the series plates exposed Mev., 768 tracks were measured 
one 200 plate and two 400 plates, with results shown Fig. 3A. Difficulty 
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INTERVAL 


Mev PLATES 


PROTON 
ENERGY 
Mev. 


Fic. Energy distribution 768 proton tracks plates exposed Mev. 
with full beam. 
Upper. Energy distribution 487 proton tracks plates exposed at,70 Mev. with full 
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was experienced processing these plates and the final energy resolution was 
inferior that obtained previously, but the same general features were 
found the distribution. order check the details, set plates was 
exposed the 14° position with the narrow beam passing through the camera. 
The yield tracks was very low, but the energy distribution 205 protons, 
shown Fig. 2B, agrees closely with that Fig. 2A. 

Finally, test the significance possible peaks the foregoing distribu- 
tions, all data referring Mev. and Mev. plates were collected one 

TRACKS 


PER Mev 
INTERVAL 


GROUPS 
120 


PROTON 
ENERGY 


Fic. Combined energy distribution all proton tracks and Mev. plates. 


histogram, shown Fig. This confirms the existence least three main 
energy groups marked and the diagram: 
range (Mev.) Peak photon energy (Mev.) 


7.5-8.5 20.7+0.2 
10.5 upwards 24.0+0.2 


There also possible peak near Mev., corresponding photon energy 
Mev. Some the protons with energies below 7.5 Mev. may have left 
the residual excited state, but tests based the abundance tracks 
Groups and showed that Group could not have been caused 
this way and must due genuine minor peak within the main resonance. 
the same time one cannot rule out the possibility that some the tracks 
Group among the Mev. results are due excited states 
The positions peaks and agree very closely with those 
the activation curve for oxygen determined early work 
Saskatoon (Katz al. 1954). the other hand, betatron experiments 
higher resolution have shown that there are fact many more 
this region, and recent work Penfold (1955) revealed sharp levels congre- 
gating two broader groups around 21.2 Mev. and 22.6 Mev., i.e. least 


was 
was 


bu- 


ne 
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0.5 Mev. higher than the present figures. Until the calibration the betatron 
energies rendered more certain difficult decide the correct result, 
but the present experiment does confirm the existence level structure within 
the main resonance. 

The nature the resonance may studied means the angular 
distributions protons emitted various energies. Fig. includes results for 


GROUP 
GROUP 


GROUP 
30° 60° 90° 120° 
ANGLE 


Fic. Angular distributions protons energy groups and the ordinates being 
proportional yield per unit solid angle collection. 


Groups and all the plates exposed Mev. and Mev. These 
histograms show significant maxima near 90°, but the high-energy protons 
have the peak forward, near 80°, while that the Group results probably 
above 90°, near 110°. This asymmetry about line perpendicular the beam 
may also judged comparing the actual numbers tracks recorded 
the angular ranges 35° 85° and 95° 135° 


Group Forward Backward 
105+10 
230+15 
147+12 


The statistics not warrant detailed conclusions but probable that there 
change the form the angular distribution protons the photon 
energy varies through the resonance region. The results Mev. and 
were very similar each other, not likely that the excited states 
influence these results appreciably. 

The form the distribution was studied analytically after asymmetrical 
effects had been cancelled out averaging the values for supplementary 
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angles. These average ordinates were plotted against shown Fig. 
The straight line obtained passes close the origin and agreement with 
distribution the form: 


A+B 
where A/B 0.1+0.05. 


The ratio may too low because some systematic error yet unde- 
tected, but all the observed distributions agreed with the above result. 


AVERAGE 
120 


Fic. Yields protons energy groups and averaged over supplementary angles 
and plotted against 


IV. RESULTS MEV. 

The foregoing results show that the excitation function for the 
reaction oxygen has considerable above the main resonance, 
extending least Mev. attempt was made obtain further evidence 
exposing plates with the synchrotron running Mev. The resulting 
data cannot interpreted unambiguously because the tracks recorded may 
have originated many reactions besides the (y, process. About 500 tracks 
were measured one 200 plate and one 400 plate, and the proton energy 
distribution shown Fig. 3B, where may compared with results 
obtained under similar conditions Mev. The resolution groups poor 
and the main resonance peak near Mev. not prominent. Many long tracks 
were found traverse the entire emulsion even the 400 plate, there 
must large number tracks with proton energies above Mev. For 
this reason difficult ascertain the exact shape the spectrum above 
this limit, and new groups were detected. 

The highest proton energy recorded was 21.8 Mev., corresponding 
photon energy 35.4 Mev., and there were two tracks 18.5 Mev., photon 
energy 31.8 Mev. These figures agree, perhaps fortuitously, with peaks the 
excitation function the alternative reaction 4a), reported 
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Dawson and Livesey (1956). The angular distributions various energy 
groups Mev. were not markedly different from those Fig. but 
clear from the energy distribution that the low-energy protons must differ 
properties from those observed Mev. and Mev. The greatest 
interest attaches the angular distribution high-energy protons, and Fig. 
shows this for all protons observed with energies above 10.5 Mev. The dashed 
curve represents the function: 


with A/B 0.2 and 0.2. 


The errors the parameters quoted may large, but the small quadrupole 
term the expression may sufficient explain the asymmetry the 
observed angular distribution. 


ANGLE 


Fic. Angular distribution all proton tracks observed with energies greater than 10.5 
Mev. The dashed curve represents the function: 


A+B(sin sin cos 6)? 
with 0.2 and 0.2. 


Calculations were also made the partial cross-sections the 
reaction for transitions the ground state but these depend rather 
unreliable estimates the photon flux. The average all data gives partial 
cross-section rising peak mb. Mev., with subsidiary peak 
mb. Mev., and integrated cross-section between and Mev. 
Mev-mb. 


CONCLUSIONS 


This experiment leads the following deductions concerning the 
reaction oxygen-16: 

(a) the cross-section exhibits sharp maximum 21.9+0.2 Mev. with 
subsidiary peaks 20.7 and 24.0 Mev., 


the integrated partial cross-section for transitions the ground state 
approximately Mev-mb. between Mev. and Mev., 


(c) the angular distributions protons are anisotropic, the particles being 
preferentially emitted right angles the incident photons, 


| 
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(d) when averaged over supplementary angles, the numbers protons per 
unit solid angle are closely proportional all energies above 7.5 Mev., 


and 


(e) the protons with energies exceeding 10.5 Mev. show forward peak 
their angular distribution. 
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THE LIFETIME POSITRONS ANNIHILATING ALUMINUM! 


ABSTRACT 


The absolute lifetimes positrons decaying aluminum and mica have 
been found 1.7 sec. and sec., accord with 
the determination Bell and Graham using different technique. 


INTRODUCTION 


the present time there satisfactory explanation for both the absolute 
values lifetimes and the variation lifetime positrons annihilating 
condensed materials, the experimental data for which have been mainly given 
Bell and Graham (1953) and Benedetti a/. (1952). The lifetimes 
all the metals far examined appear quite similar, centering about 
value 1.5(+0.5) with some tendency for slightly shorter values 
high metals. This close the value expected theo- 
retically for para-positronium, which accord with Deutsch’s measurements 
the magnetic quenching three-quantum annihilation gas (Deutsch 
1953). assumed that this more less constant lifetime metal 
arises from the formation positronium atoms, presumably both the long- 
lived ortho- and para-positronium are formed, and rapid 
conversion electron exchange occurs between these two states the atom. 
this way the probability positronium atom annihilating while the 
triplet, ortho, state very small but, unfortunately, since the 
conversion can occur both ways, Garwin (1953) pointed out the positronium 
atom would exist the ortho state for three-quarters its life and for only 
one-quarter the para-state. Consequently positron lifetime 
sec. would expected, not the sec., found experimentally. 

Minton (1954), using rather different technique Bell and Graham, 
found values sec. for the annihilation aluminum and 3.5 
sec. lead. view this discrepancy seemed worth while try make 
further independent measurement the absolute lifetime aluminum. 


TECHNIQUE 


measurements lifetimes the delayed coincidence technique, 
cases where the lifetime determined short compared the resolution 
time the apparatus, prompt resolution curve needed complete the 
analysis. Since the time occurrence the pulse from scintillation counter 
function the energy dissipated the phosphor highly desirable, 
though not usually possible, use ‘‘prompt isotope emitting 
gamma rays nearly the same energy those being measured. 
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Bell and Graham used source positrons mounted fast phosphor, 
that the emergence the positron provided the zero time for the coincidence 
circuit. The positrons were then energy selected and focused onto second 
phosphor produce the prompt curve, focused onto absorber front 
the second phosphor produce the delayed curve. The symmetry the 
arrangement thus not quite the same for the two curves; the prompt 
measurement the second counter detects positrons one energy stopping 
region close the front face the crystal, while the delayed measurement 
the second counter responding the Compton electrons various energies 
arising from the interaction 0.51 Mev. gammas throughout the phosphor. 

Minton (1954) used the 1.28 Mev. gamma ray from the source 
fix the zero time and obtained the prompt curve using the cascade gamma 
rays from selecting suitable parts the Compton electron spectrum 
with side channel discrimination. With narrow side channel energy dis- 
crimination ensure good equality pulse amplitudes with these two sources, 
difficult get adequate coincidence rate. 

this measurement essentially the same technique used Minton was 
followed, except that was chosen prompt source rather than 
the time this work was done seemed that the decay scheme 
summarized Nuclear Data (1950), included two cascade gamma rays 
1.20 Mev. and 0.55 Mev. The similarity these energies those from 
1.28 Mev. and 0.51 Mev., would thus practically eliminate any chance 
spurious lifetime effect due inequalities between the energies test source 
and prompt source. Recently, however, Kurbatov a/. (1955) confirmed, 
the basis and coincidence measurements, the decay scheme 
shown Fig. first proposed Kraushaar and Goldhaber (1953). this 


Fic. Decay scheme proposed Kurbatov al. (1955). 


scheme correct, then the coincidences recorded would correspond those 
between the 0.55 Mev. and 2.05 Mev. cascade gamma rays, with smaller 
contribution from the 0.65 and 1.40 Mev. cascade radiations. Since the 
positron emission from less than 1/10% the negatron (Havens al. 
1948), the annihilation radiation from this source negligible. both cascades 
the lower energy component close energy 0.51 Mev., that there 
should little, any, effect shifting the coincidence resolution curve due 
pulse shape variations. 
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APPARATUS 


The delayed coincidence apparatus described elsewhere (Jones and 
Warren, published). Basically consisted fast coincidence scheme 
developed Bell, Graham, and Petch (1952) but the time separation 
associated events was converted pulse height and sorted with conventional 
kicksorter, enabling the whole coincidence resolution curve obtained 
one time and avoiding any correction for source decay. 

The positron source consisted deposit about 0.01 mc. 
the inside aluminum tube in. outside diameter. The wall thickness 
was 1/16 in., twice that needed stop the 540 kev. positrons. the sodium 
chloride was high specific activity, negligible number positrons was 
stopped the NaCl itself. source about 0.001 mc. 26.8 hr. half- 
life, was prepared placing some 99.95% pure aluminum tube, 
similar that used for the positron source, and irradiating with flux 
thermal neutrons. 

The general layout the apparatus shown Fig. The 
distance was cm. for the positron emitter and about mm. for the 
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TIME - 


SORTER 
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Fic. Apparatus layout for coincidence measurements. 


keep the coincidence counting rates approximately the same. was 
necessary widen the side channel windows for the source after about 
hr. running raise the counting rate. The two sources were alternated 
determine whether any slow gain shifts were occurring. 


RESULTS 


Typical coincidence resolution curves, including comparative one taken 
with the positrons annihilating mica, are shown Fig. The curves were 
analyzed the centroid shift method (Newton 1950). Checks made 
the time-sorter pulse height dependence coincidence counting rate, 
altering the distance, showed that there was effect. Due 
allowance was made for this, since the counting rates with the source were 
lower than with the The time calibration the apparatus was obtained 
measuring the centroid shift due both inserted delay one side and 
varying the gamma ray flight time one the counters. The measurements 
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COUNTS PER CHANNEL (ARB/TRARY SCALE) 


CHANNEL NUMBER 


Fic. Delayed coincidence resolution curves: 
Prompt curve obtained with source. 
Curve from positrons decaying aluminum. 
Curve from positrons decaying mica. 


were repeated under slightly different conditions month later ensure 
that the reproducibility was good. 

The centroid shift between the prompt coincidence resolution curve and 
that from positrons annihilating aluminum was found correspond time 
delay sec. The lifetime the 550 kev. state about 
sec. (Temmer and Heydenburg 1955). The lifetime the second 
state involved the 1.40-0.65 Mev. cascading gamma rays would not 
expected any longer. Both the 0.65 Mev. mixed magnetic dipole 
electric quadrupole radiation (Kraushaar and Goldhaber 1953) from the 
state state transition and the 0.55 Mev. electric quadrupole radiation 
from the state state transition are favored one-phonon jumps, 
and the collective nature the excitation gives rise fast transitions (Scharff- 
Goldhaber and Weneser 1955). 

Consequently the lifetime positrons decaying aluminum according 
our measurements sec. The experimental error attached 
this result considered sec. 

The shift the centroid changing from aluminum mica amounts 
sec. accord with the result Bell and Graham (1953). 
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These results are good accord with those Bell and Graham and would 
confirm the fact that the lifetime metals probably little longer than that 
free para-positronium but certainly not factor four. 
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THE ABSORPTION ULTRAVIOLET IONIZING 
RADIATION 


ABSTRACT 


The sparking probability test gap, which short-duration direct high 
voltage pulses are applied, shown depend the distance the gap from 
source short wavelength, ultraviolet radiation. The radiation restricted 
small volume gas midway between the electrodes. The sparking probability 
can therefore used parameter examining the absorption the radiation 
responsible for triggering discharge the gas. Absorption ultraviolet radi- 
ation the gases argon, air, nitrogen, and oxygen has been studied. 


INTRODUCTION 


Photoionization gas atoms importance studies many forms 
electrical discharge gases. Cravath (1935) suggested two forms radiation 
active corona discharges, one which was five times more heavily absorbed 
the gas than the other and was considered the radiation active 
ionizing the gas. Further studies corona have been made many workers 
(Kip 1939; Trichel 1939; and many papers Loeb and his colleagues). 
the upper atmosphere, heights greater than km., the ionization produced 
short wavelength photons from the sun great interest (Appleton 
1935a, Massey 1938; and Sayers 1943). Photoionization believed 
active mechanism the propagation lightning flashes (Cravath and 
Loeb 1935; Meek 1939) and the production long laboratory sparks (Loeb 
and Meek 1941; Weissler 1943). The photoelectric effect gases has been 
recently further studied Geiger counters (Jaffé, Craggs, and Balakrishnan 
1949) with particular consideration the absorption coefficients the radi- 
ation. The triggering effect short wavelength ultraviolet radiation ultra 
high frequency discharges has also been reported (Jasinski and Prowse 1952). 

There definite lack experimental data the photoionization air 
and the other permanent gases which contrasts with the volume data from 
studies the photoelectric effect the alkali metal vapors (Hughes and 
Dubridge 1932). The difference the state knowledge these two allied 
branches work due mainly the fact that the energy the photon 
needed for ionization the alkali metal vapors much less than that which 
will ionize gas atom single stage. Moreover, was difficult until quite 
recently find material which will serve window transmit those 
wavelengths less than 1200 the transmission limit lithium fluoride, with 
energy sufficient ionize many gases (Chubb and Friedman 1955). 

the experiments reported here both spark source photons and spark 
detector ions are contained the same chamber. not use window. 
That radiation from the source entering the gas between the electrodes 
test gap likely trigger for discharge has been previously demonstrated 
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Jasinski and Prowse (1951). particular, among other tests, they placed 
the irradiating beam thin films nitrocellulose, cellulose nitrate, and 
polystyrene, which considerably reduced the probability test gap sparks. 
not claimed that the experimental technique which follows gives 
accurate method for the measurement spectral absorption coefficients, since 
the radiation produced spark the gas not homogeneous wave- 
length. However, mean coefficient can measured, characteristic those 
wavelengths which ionize the gas through which they pass. Such coefficient 
value (Dutton, Haydon, and Jones 1952, 1953) deciding whether not 
discharge streamer likely propagated the mechanism photo- 
ionization the gas. 


II. DESCRIPTION THE APPARATUS 
(a) General Circuit Arrangements 


The block diagram Fig. has, its centerpiece, two similar, properly 
terminated delay lines, and arranged circular form. These delay lines 


Kv, 
SUPPLY 


PULSE 
FORMING 
NETWORK 


Fic. Schematic view the arrangement used generate suitably timed irradiator and 
test pulses, and record sparking probability. 


receive, their common point unidirectional pulses 0.35 duration 
intervals two four seconds, determined the multivibrator. The 
peak voltage these pulses may set the kv. d-c. generator. Radial 
connections are taken from point one line spark gap with electrode 
spacing short enough ensure that fires for every pulse. This the source 
photons. From the other line similar connections test gap, ad- 
justed that the pulses will not cause breakdown unless the gap irradiated. 


IRRADIATOR TEST GaP 
LEAD LEAD 
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delay between the times arrival irradiator and test pulses their 
respective gaps may secured connecting the delay lines appropriate 
radial positions. this work the irradiator pulse made precede the test 
pulse about sec. 

Sparking probability defined the ratio the number pulses causing 
spark the test gap the number pulses applied that gap. This 
parameter, used assessing the effect the radiations, measured 
means two electromechanical counters. One counter operated only 
the current conducted through the test gap, when spark occurs there. The 
other counter records pulses applied the test gap, during which irradiation 
the test gas occurs. 


(b) The Test Chamber 
Fig. illustrated the arrangement the test and irradiator gaps. The 
space between the plane-faced brass electrodes the test gap may adjusted 


TEST GAP 


TO DELAY LINE B 


COLLIMATOR 


COPPER CYLINDER> 


GLASS SPACER 


Fic. Irradiator and test gap arrangement the absorption experiment. 


with bellows the ends the short crossarms T-shaped pyrex glass 
chamber. glass collimator, close the test gap, restricts radiations travelling 
along the main stem the the mid-gap region. The irradiator consists 
two soft iron cylinders joined insulating tube. fine wire, electrically 
connected cylinder projects through the tube into hole bored centrally 
through cylinder leaving 1/16 in. clearance. When pulse applied 
and via the copper sleeves and glass chamber wall, spark develops between 
the fine wire and the inner wall cylinder Ultraviolet radiation emerges 
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from the hole and travels towards the test gap. The distance must 
travel, can set using magnet outside the chamber move the 
irradiator. 

The chamber can evacuated means conventional oil-diffusion 
pump and rotary backing pump system. Mercury vapor, from mercury which 
used the reference manometer measure the gas pressure, excluded 
from the chamber using differential gauges. Because the exploratory 
nature the experiment, dry commercial cylinder gases were used. these 
gases impurities are present which have high absorption coefficients (Jaffé al. 
1949) and some cases are ionized radiations almost easily the gas 
being examined. However, these impurities are present about 0.25% the 
principal gas and contribute little the net results. 

THEORETICAL CONSIDERATIONS 

The magnitude the absorption coefficient obtained from values the 
sparking probability for range irradiator distances follows: Let 
photons, sufficiently energetic ionize the gas and trigger the spark, 
emitted per unit solid angle the irradiator (Fig. 3). The number 


SENSITIVE 
VOLUME or GAS 


rt 


\! 


Fic. The beam radiation restricted small sensitive volume gas between the 
electrodes the test gap. 


s 


these photons which travel direction such that they will, unabsorbed, 
enter the sensitive volume the test gap through the collimator aperture, 
area situated distance from the source the mean 
absorption coefficient the gas for the photons then (GA 
photons arrive the test gap. 

Let the probability that spark will start per unit time and the proba- 
bility that spark will start test time Then 

1—P 


= 
' 
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Thus 


where another arbitrary constant. The magnitude given 


IV. RESULTS AND DISCUSSION 


Probability counts were made using 500 1000 trial pulses for each 
many irradiator distances between and cm. from the test gap. Although 
radiation from naked spark source not monochromatic, graphs with 
were found linear over appreciable ranges Thus mean 
absorption coefficient for ionizing radiation could assessed from the slope 
the graphs. Any curvature the graphs was such suggest higher 
value absorption coefficient shorter distances. This expected 
some wavelengths are more penetrating than others and filtering effect occurs. 

Typical graphs with are shown for dry air, Fig. two working 
pressures; Fig. shows graphs for argon with two different test pulse voltages. 


Fic. Graphs with for argon, two different applied pulse voltages, atmos- 
pheric pressure: kv. and kv. 


x cm 
a 
x cm 
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was found that the value was independent gap length, overvoltage, 
and irradiator timing. Argon, air, oxygen, and nitrogen were examined. 
Table are representative results for these gases. The last column this 
table shows the values atmospheric pressure, derived following the 
reasonable assumption that absorption coefficient proportional pressure. 
Argon was used the pilot gas the experiment and the larger test gap 
lengths which were tried first with this gas are indicated. Coefficients are 
given for least two radiation ranges and/or pressures for each gas and the 
effect the gas filtering out the more heavily absorbed radiations clearly 
seen. Air and oxygen were found much more absorbing than argon and 


nitrogen. The values given other observers for the absorption coefficients 
these four gases are listed with our values Table II, transformed the 
equivalent value atmospheric pressure help comparison. Values for 
hydrogen are included show the trend the results obtained different 
methods. 

Measurements the absorption ionizing radiations gases have been 
made the past using techniques which fall conveniently into three groups. 
First large number these give absorption coefficients for particular wave- 
lengths low pressures. Table shows typical earlier values Schneider 


(1940) for air, and recent values Weissler (1952) and his colleagues and 
Watanabe (1952) for oxygen and nitrogen. Generally the values quoted 
this literature for specified absorption bands are high, but they show that 
absorption coefficients can change very rapidly with wavelength the region 
below 1300 Coefficients range from those indicating transparency several 
hundred per centimeter. For the more heavily absorbed these radiations 
cm. dry air N.T.P. sufficient halve the intensity most wave- 
lengths radiation between 380 and 1600 and such wavelengths will 
not influence measurements over greater distances near atmospheric 


pressures. 
TABLE 
VALUES ABSORPTION COEFFICIENTS SOME GASES 
DETERMINED SPARK EXPERIMENTS 
Absorption 
coefficient 
Gas Pressure, Test gap, Range, 
Argon 0.75 10-15 0.50 
0.75 10-35 0.28 
0.60 10-45 0.23 
Air 0.33 10-18 0.80 
0.33 17-30 0.78 
Nitrogen 0.33 10-35 0.25 
Oxygen 0.33 10-14 1.24 
0.33 10-18 1.18 


second group useful information absorption coefficients low 
pressures has been gained from experiments the type pioneered Hertz 
(1923) and Mohler (1926), where the group ionizing radiations examined, 
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rather than separate wavelengths. recent report Maunsell (1955), using 
Kingdon cage detector ions, this kind. reports considerably larger 
absorption coefficients than those determined for monochromatic radiations 
energy greater than the ionizing potential. also indicates distinct 
pressure effect which gives increase the observed absorption coefficient 
for both argon and nitrogen for pressures microns. 

Lastly have number measurements made absorption coefficients 
for ionizing radiation under discharge conditions higher pressures. The 
experiments Greiner (1933), Cravath (1935), Dechéne (1936), and Raether 
(1938) this group are now among the classics the subject. More recent 
experiments Jaffé, Craggs, and Balakrishnan (1949) Geiger counter 
experiments yield information absorption coefficients general agreement, 
where comparison can made, with Raether’s early cloud chamber experi- 
ments, the more recent ultra high frequency work Jasinski and Prowse 
(1952), and our own presently reported values. They confirm our belief that 
near atmospheric pressures certain tank purity gases ultraviolet radiations 
arising one part the gas can responsible for photoionization many 
centimeters away the same gas, and that this can importance the 
rapid propagation electric discharges. 
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EMISSION SPECTRUM THE DIACETYLENE ION 


CALLOMON? 


ABSTRACT 


and Reinebeck have described new spectrum which was observed 
discharge through mixture inert gas and the vapor any number 
organic compounds. This spectrum was labelled Further experiments 
the authors provided evidence that the carrier the spectrum was the 
diacetylene molecule. The spectrum has now been reinvestigated using 
both normal and fully deuterated diacetylenes helium discharge and photo- 
graphed grating instruments with very high resolving powers. Previous 
vibrational assignments were extended, and the rotational structure was com- 
pletely analyzed four bands. The results, together with other evidence, show 
that the carrier the spectrum the diacetylene ion, The vibra- 
tional and rotational constants differ but little from those the diacetylene 
ground state. The spectrum involves transition between the first excited state 
and the ground state the ion and analogous detail 
the well-known Fox, Duffendack, and Barker system 


INTRODUCTION 


Schiiler has described discharge tube which the effects organic 
vapors the spectrum the positive column can studied. The discharge 
maintained gas such as, for instance, helium. With high 
current densities the emission spectra obtained were, besides that the 
carrier gas, almost exclusively those diatomic fragments, e.g., C2, CH, and 
decreasing the current, however, these became weaker and were re- 
placed number new spectra obtained from whole series organic 
compounds. These spectra were described Schiiler and Reinebeck (1951, 
1952) who labelled them with series letters. Many these spectra are 
specific the organic compounds which produced them; however, one 
them which occurs the visible region common many the compounds 
and was labelled Its origin suggested that might due some com- 
mon product decomposition. 

The spectrum was obtained using, amongst others, benzene, naph- 
thalene, phenylacetylene, and acetylene, listed order increasing 
appeared most strongly, however, and almost the exclusion all other 
spectra, using diacetylene. the same time, diacetylene was shown 
means its first absorption spectrum below 3000 have been formed 
discharge running acetylene (Reinebeck 1953; Schiiler and Reinebeck 
1954). using partially and fully deuterated acetylene, the spectrum 
showed isotopic shifts which indicated that the molecule responsible for 
contains two atoms hydrogen and that the strongest band involved the 
zero vibrational levels both upper and lower states. vibrational analysis 
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then showed the presence the lower state vibrational frequencies which 
were remarkably close some the normal frequencies diacetylene its 
state. These facts led Schiiler and Reinebeck ascribe the 
spectrum the neutral diacetylene molecule transition possibly the 
ground state, although the bands could not observed absorption. Di- 
acetylene colorless liquid. 

The experiments just described have been repeated. The vibrational 
has been extended with the help fully deuterated The strongest 
bands were examined with resolving powers 400,000 and complete 
rotational analysis four them was made. Although single item the 
evidence thus obtained absolutely conclusive itself, the evidence taken 
whole leaves doubt that the nuclear skeleton the emitter the 
spectrum that diacetylene stated Schiiler and Reinebeck. However, 
will shown that the spectrum due the ion and 
the electronic states probably involved will discussed. 

EXPERIMENTAL 
(a) Preparation Diacetylene 

The diacetylene was prepared from the way described 
Keyssner and Eichler (1944), Johnson (1946), and Jones (1952a). The 
product was distilled twice vacuo and its purity checked its infrared 
spectrum. was stored dry ice, polymerized slowly higher tempera- 
tures. The deuterated diacetylene was prepared from ordinary diacetylene 
exchange the liquid phase with heavy water which little sodium had 
been dissolved, way similar that described Leitch and Morse (1952) 
for acetylene. The exchange could followed Perkin-Elmer 12C infrared 
spectrometer observing the spectra the successive samples the regions 
the and C—D stretching modes ca. 3300 and 2500 The final 
sample contained 96.5% and 

(b) The Discharge Tube 

Schiiler’s design (1950) was closely followed with some modifications. 
consists essentially straight tube pyrex glass with central section 
mm. internal diameter and cm. length which expands into two end 
sections larger diameter and makes total length meter. The discharge 
fills the central section only; side tubes lead off through liquid nitrogen traps 
two hollow-cathode aluminum electrodes. The carrier gas and organic 
vapor are premixed and introduced continuously into the discharge the mid- 
point the tube. They divide into two streams flowing and down the tube 
and into the side-arms and are pumped off continuously the electrodes. 
Current provided 3600 from the 110 a-c. mains step-up trans- 
former. 

The carrier, which was generally helium, was purified passing through 
two charcoal traps cooled liquid nitrogen. Diacetylene was kept liquid 
trap cooled with ice where its vapor pressure about 500 mm. The 
rates flow the gases were then controlled two graduated needle valves 
which could calibrated terms the pressure the discharge tube 
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given rate pumping means mercury manometer. the current 
density increased, the spectra the molecule appear with rapidly in- 
creasing relative intensity. order avoid interference, i.e., keeping the 
intensity the bands down less than that the spectrum, 
the current was kept below ma., equivalent current density 
0.5 The total pressure was not critical but was kept between 0.5 and 
mercury with the ratio helium diacetylene between and 20: 
The completely polymerized the discharge and hence removed 
from the stream; thus the part the discharge emitting the spectrum 
usually extended from the point introduction the gases only partly along 
the way the electrodes, being replaced for the remaining way the spectrum 
helium. For given current and rate pumping the partial pressure 
diacetylene the point entry decided only the length the column 
emitting the ‘‘T’’ spectrum but not its intensity. The pressure was therefore 
usually adjusted that only the central straight section the discharge tube 
emitted the spectrum, the change the helium spectrum occurring 
the side-arms. This minimized the formation polymer which obstructs the 
tube, well conserving material. The diacetylene was used rate 
about gm. per hour from which its lifetime the discharge under the above 
conditions can calculated about tenth second. dark room 
the discharge appeared bright green, but daylight was barely visible. 
(c) Optical System 

Before the spectrum could photographed with high resolution, the 
available intensity had greatly increased, since the exposure time re- 
quired bring out well medium Hilger prism instrument, viewing the 
cm. discharge end-on, was about minutes. system multiply- 
reflecting mirrors the type described White (1942) was accordingly built 
into the tube its ends. The radius curvature the mirrors was 100 cm. 
and the available height image the exit mm. using such system 
integrate the intensity emission luminous volume which re- 
absorption does not occur (Welsh, Cumming, and Stansbury 1951; Stoicheff 
1954), the limit usually set not the number traversals which can 
achieved, but the reflectivity the mirrors for infinite number 
traversals the integrated intensity times that after one traversal. 
the present case, the region which maximum intensity was required was 
between 5000 and 5500 With mirrors coated with silver, traversals could 
achieved and gave increase intensity estimated about times. 
This corresponds reflectivity 95%, for which infinite number 
traversals would give factor 20. 

loss part this light can occur through the optical system which 
transfers from the mirror system the discharge tube into the spectro- 
graph. This often single condensing lens, placed the 
apertures the discharge tube and spectrometer. However, when the image 
the exit the discharge tube comparable size the aperture stop 
the tube, i.e., the back mirror, considerable loss light will occur through 
vignetting overspill the aperture stop the spectrograph, i.e., the 
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collimator grating. the present case this could have amounted 50% 
more. overcome this, necessary not only match apertures, but 
also match the aperture stops, i.e., this case focus the back mirror 
the discharge tube directly onto the grating the spectrograph. This has 
usually been done placing second collecting lens either the exit the 
discharge tube just front the entrance slit the spectrometer (see 
Hansen 1950). Such system often presents mechanical difficulties and places 
severe restrictions the focal length the collector lens; hence the following 
symmetrical arrangement, shown Fig. was used. The image the exit 


Fy 


the discharge tube the principal focus the first lens F;, focal length 
rendering light from any point parallel. The second lens focal length 
refocuses the light image its principal focus the entrance slit 
the spectrometer. the same time, lens forms image the back mirror 
the discharge tube the intermediate point and the lens turn 
focuses the spectrograph collimator grating H,. The requirements are: 
for the focal lengths 


where represents numerical aperture, and for the separation the lenses 


where the distance from may serve useful aperture stop. 


(d) Spectrographs 

Three spectrographs were used. The weaker bands, which only the heads 
were resolved, were measured with high-speed plane grating instrument 
fitted with Schmidt-type camera aperture about f/4 (Moser 1955). The 
grating has 15,000 lines per inch and reciprocal dispersion 3.7 per mm. 
5000 the third order. With fast plates the strongest bands came out 
after sec. with observed resolution about With finer grain 
plates, could resolved. Some the stronger bands were photo- 
graphed the second order 21-ft. grating Eagle mounting. This also 
has 15,000 lines per inch with the blaze about 5000 the second order. 
Enough the slit could illuminated overcome losses due astigmatism, 
and exposure times ranged from one-half three hours with fast Kodak 103a-J 
plates. The dispersion was 1.27 A/mm. 5300 the second order and the 
resolving power was close the theoretical value 180,000 corresponding 
0.10 5300 Finally, the two strongest bands were photographed 
recently completed 35-ft. instrument with Bausch and Lomb concave 
grating having 30,000 lines per inch and blazed 7000 the first order. 
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5000 the second order (dispersion 0.3 A/mm.) the exposure time re- 
quired was five hours, which was also the limit set the formation polymer 
the tube which settled the walls and reduced its bore sufficiently 
obstruct the optical path. The attained resolving power the grating was 
about 400,000 theoretical) corresponding resolution 0.05 
5000 

(e) Wavelength Determination 

The spectrum iron various overlapping orders the gratings 

was superimposed the spectrum provide wavelength calibration. 
The plates used for rotational analysis were each measured four times 
Gaertner comparator such way minimize periodic errors due 
its screw. Wavelength values the iron spectrum were taken from the 
Tables (Harrison 1938) and used construct correction curve for the 
deviations from linear wavelength interpolation the usual way. The scatter 
points this curve was great the case plates taken the 35-ft. 
instrument, however, that seemed questionable whether, using the 
values, full advantage could taken the performance grating the 
quality now available determining wavelengths over short range with high 
relative accuracy. Moreover, the scatter could not reduced sufficiently 
preselection lines which seemed sharp and neither was function 
the instrument, for the scatter was reproducible and independent the 
degree photographic exposure. The correction curves used were therefore 
obtained fitting the experimental points curve calculated theoret- 
ically from the grating dispersion formula. determining rotational constants, 
only the shape the correction curve that importance and small 
absolute errors wavelengths are not important. The calculated shape 
relatively insensitive the values the grating constant 
curvature assumed. the present work, despite very careful examination, 
reason could found for doubting the validity the method, although was 
rejected Mrozowski (1941, 1942). The good agreement between values 
given rotational constant obtained from different bands different regions 
and measured different instruments lends further support the method. 

The wavelengths measured air were corrected with the vacuum corrections 
Edlén (1953) and converted into vacuum wave numbers. 


VIBRATIONAL ANALYSIS 

(a) Description the Spectrum 

Figs. and show the appearance the spectrum obtained 
from normal and fully deuterated diacetylene under low resolution, taken with 
medium Hilger prism instrument fitted with glass optics. consists 
irregular array broad bands which have been labelled Schiiler and 
Reinebeck with series letters and numbers from Their notation 
followed here with some additions. 

With higher resolving power, each these broad bands seen consist 
what hereafter called group, containing large number separate bands 
with sharp intense heads and rotational fine structure degraded longer 
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wavelengths. example, Fig. 3(c) shows the appearance group 
photographed the 21-ft. grating spectrograph the second order. Two 
features regularity can picked out: some the band heads form pairs 
comparable intensity about apart, and some these pairs form 
regular series with spacings about and steadily decreasing intensity 
resembling sequence the spectrum diatomic molecule, e.g., cd, ef, 
gh. The complexity the remaining heads not unexpected, for corresponding 
the various modes vibration, several sequences with differing spacings 
and intensities will superimposed. 

The regularity described for group not found all the groups. can 
and However, only occasional pairs are recognizable some the 
groups, e.g., while others, especially some regular features 
are apparent all. Even the regular groups the spacings pairs can vary 
within group and between groups factors two more. This excludes 
the possibility the pairs being and heads the same bands, for the 
rotational analysis shows that the differences frequency between the origins 
and heads bands are constant within 1/10 which expected 
from the very small dependence rotational constants vibrational 
number diacetylene. That the series pairs are vibrational origin, 
that they are identified sequences, could shown running the 
discharge tube low temperature. Fig. shows microphotometer traces 
groups and taken different parts the same plate the grating 
instrument room temperature and with the tube cooled about 
(Acetylene was used instead diacetylene the latter has too low vapor 
pressure the low temperature.) shows marked decrease intensity 


GROUP GROUP 

= 

4 


Fic. The effect temperature the intensities groups and photographed 
the f/4 grating instrument. 
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the pairs heads relative those but significant change within the 
pairs. The latter observation does not necessarily exclude the possibility that 
the pairs are the first two members sequences one the low frequency 
modes the molecule, which would expected temperature insensitive. 
However, the question then immediately arises why never more than two 
members appear, the more these two are always comparable intensity. 
This argument gives the first indication that the spectrum involves 
electronic doublet states. the double heads were due spin-splitting, 
however, their separations might expected vary but little from band 
band, which contrary observation. 

The various groups form vibrational progressions and again the apparent 
lack regularity due the existence more than one vibrational mode. 
their analysis, Schiiler and Reinebeck (1954) measured the frequency 
intervals betwen the intensity maxima the various groups observed with 
medium resolving power and pointed out the great similarity some the 
normal frequencies diacetylene. measuring the positions the individual 
heads composing the groups, their analysis can now extended; and 
appears that, despite the similarity, there are differences which definitely rule 
out the ground state diacetylene being one the states involved the 
transition. 


Analysis 

The vacuum wave numbers all the band heads which have been measured 
are collected together the Appendix, Table Al. 

Deuterium substitution produces marked isotopic shifts the spectrum; 
some these are listed Table together with the positions some the 
principal band heads from normal and fully deuterated (‘‘Tpp’’) 
diacetylene. The shift smallest the strongest group, which thus 


TABLE 


POSITIONS SOME PRINCIPAL BAND HEADS 
AND ISOTOPIC SHIFTS 


19724.5 19742.2 17.7 
26.7 44.4 
38.8 56.6 17.8 
40.8 58.6 17.8 
52.8 70.7 17.9 
54.7 72.6 17.9 
18866.1 18918.9 52.8 
18755.2 18804.8 49.6 
68.3 17.8 49.5 
81.0 30.5 49.5 
17548.6 17675.9 127.3 
50.1 78.1 128.0 
16586.2 17211.3 625.1 


89.8 213.3 623.5 
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identified the (0, sequence. The remaining groups, B,... extending 
toward longer wavelengths, represent sequences excited vibrational levels 
the lower state the type (0, The dependence intensity tempera- 
ture (see above) indicates that group band represents the actual 
(0, transition and the rotational analysis (see below) suggests that, these 
two, the levels involved band are the lower. 

The vibrational frequencies the lower state are then given the fre- 
quency differences between band and the corresponding bands the 
other groups (with the exception group which the rotational analysis 
shows band involve the lower levels, and the irregular groups which 
the strongest bands have been taken). They are found consist, singly 
combinations, four frequencies only, which are listed Table For 


TABLE 


COMPONENT FREQUENCIES THE LOWER STATE VIBRATIONAL LEVELS 
THE SPECTRUM 


Band Tua Tpp C,He, 

860.6 825.6 C—C stretch 

C3b 2176.6 2066.3 C=C stretch 
3136.9 2531.1 C—H stretch 


comparison, the similar frequencies diacetylene its ground state de- 
termined from the infrared and Raman spectra Jones (1952a) together 
with their symmetry type are also listed. The way which the four frequencies 


combine build the spectrum shown Table III, the 
TABLE III 
OBSERVED LOWER STATE VIBRATIONAL LEVELS 
Obs. Cale. Obs. Cale. 

By V3 860.5 825.6 
971.5 939.6 
1718.8 (1721) 1635 (1651) 
1847.2 (1832) 1718.1 (1765) 
1958.3 (1943) 1795.9 (1879) 
2176.6 
2712(SR) (2693) 
2819.1 (2804) 2694.3 (2705) 
2946.5 (2914) 2795.3 (2819) 
3068.1 (3037) 2885.7 (2892) 
3171.5 (3148) 3012.2 (3006) 
3136.9 2531.1 
4352 (4353) 4123 (4133) 


values being simple combinations them (neglecting 
group was not remeasured and Schiiler and Reinebeck’s value (indicated 
(SR)) has been inserted. 
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Although, strictly speaking, the assignment applies the strongest bands 
the groups only, accounts general way for all the groups with the 
exception some very weak features and seen substantial agree- 
ment with that published Schiiler and Reinebeck (1954, Table 2). 
addition the groups there are some weaker bands group 
the shorter wavelength group which probably represent upper 
state progressions suggested His group the (1, 
sequence Swan could not confirmed. 

Another irregular group occurs the long wavelength side and 
designated A’. The strongest head from head The corresponding 
displacement the isotonic spectrum 235 These values are compatible 

the assumption that group the first member the sequence 


the mod hydrogen stretching mode. the lower 
state encies this mode are 3137 and 2531 for C—H and C—D 
respectively, the corresponding upper state frequencies would then 2858 
respectively. From these figures the contribution this mode 


Discussion 

‘he frequencies quoted Table are seen the three 
possible totally symmetric fundamentals together with the first overtone 
the lower the two symmetric bending modes which possesses totally 
symmetric component. well known (see, for instance, and Teller 
1941, 89), transitions between two electronic states which the molecule 
has the same symmetry can only give rise allowed spectral progressions 


vibrational which are totally symmetric with respect the molecular 
symmetry. The similarities shown Table between the spectrum and 
the frequencies diacetylene point strongly therefore the following 
the magnitudes and isotopic shifts the frequencies 


indicate that the molecule giving rise the spectrum has the same atoms 
joined similar types bonds diacetylene itself. Secondly, the number 

and types frequencies observed (just all, but not more than, the totally sym- 
metric fundamentals) indicate that the symmetry the molecule both 
states the spectrum the same and not less than that diacetylene 
itself, that linear molecule. The linearity confirmed the rotational 
analysis (see below). There therefore little doubt that the atomic skeleton 
the carrier that diacetylene, although, pointed out above, diacetylene 
itself the ground state not involved. analogy, the vibrational fre- 
quencies the spectrum are here given the same numbering those 
diacetylene (see Tables and 

The spectrum characterized relatively short progressions the 
lower state, the (0, sequence being the most intense. The 
principle indicates that such case the transition accompanied little 
change molecular dimensions. 


(d) Vibrational Perturbations 


Two further facts which require comment are that out the six non-totally 
symmetric fundamentals diacetylene, apparently only one, namely 
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observed progressions (in double quanta) the lower state, and that the 
band groups the spectrum which are irregular are all the ones which 
involve both. This suggests that these levels are mutually perturbed 
and consideration their proximity and similar symmetry indicates the 
possibility Fermi resonance. The values the fundamental frequencies 
diacetvlene are such (Jones 1952a) that only two cases appreciable first- 
order Fermi resonance might expected: between 874 and 
The latter pair would give far the closer resonance. However, 
the spectrum the level does not seem involved. The mode 
essentially hydrogen bending one and hence would show 
marked decrease deuteration, contrast which essentially carbon 
bending mode. itself, simple force field calculation 
the matrix method (see Ferigle and Weber 1953) shows the expected 
isotope about 140 which would effectively remove 
from resonance with fact, the observed shift only about and 
the perturbation less prominent the isotopic spectrum. 

Higher combinations the resonating levels may grouped into so-called 
Table these are found the spectrum. 

The effects Fermi resonance will met again the rotational analysis 
(see below). 

ROTATIONAL ANALYSIS 
(a) Preliminary Analysis 

The high resolution plates obtained the strongest groups allowed com- 
plete rotational analysis made four bands, viz, bands and group 
sequence), and bands and group (0, sequence); and partial 
analysis bands and group (0, sequence). Other bands, although 
sufficiently intense, were not sufficiently free from mutual overlapping 
make analysis possible. 

Fig. shows spectrogram the bands and obtained with the 
35-ft. grating. Inspection showed that (i) there are several apparently simple 
branches seen some distance out from the heads; (ii) these branches 
not show any intensity alternation; (iii) the spacings between lines them 
are regular, i.e., show and (iv) band centers are obvious. 
One the partly resolved branches was fitted polynomial taking first 
and second differences and assuming arbitrary numbering the lines. 
This polynomial was then used construct diagram 
which all the observed lines were plotted (see Herzberg 1950, 191). The 
diagram showed that over 95% the observed lines fitted into three branches 
only, two which extrapolated head and the third head Similarly, 
the lines bands and group could shown form four branches, 
two connected with each the heads such way that the one was 
continuation the other through the head. appears therefore that each 
head associated with one band consisting and branches only. The 
apparently single branch connected with head suggests that the and 
returning branches coincide very closely. 
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All the lines having been assigned, the branches both bands and 
were fitted polynomials. Terms order higher than quadratic were found 
extremely small. With the constants obtained and triangular slit- 
function line half-width corresponding resolving power 400,000, the 
expected appearance 20°C. these two bands the region greatest 
complexity near the heads was calculated and plotted (optical density units) 
shown Fig. Superimposed microphotometer trace the 35-ft. 


T-SPECTRUM 
GROUP 


Fic. microphotometer trace (upper curve) the spectrum shown Fig. near the 
heads, compared with contour (lower curve) calculated from derived rotational constants 
(assuming transition) plotted optical density units. 


plate for comparison. The agreement, which remarkably good considering 
the level background due other overlapping bands the left, confirms 
the interpretation the spectrum. 
(b) Electronic State Symmetries 

From the preliminary analysis appears that the observed bands are due 
molecule that linear both the upper and lower states. linear 
molecule the vibronic (vibrational plus electronic) states are characterized 
the quantum number total internal angular momentum (see Ingold and 
King 1953, 2716), where |A+/| and are the components 


electronic and vibrational angular momentum respectively. the four bands 
which have been analyzed, branch has been observed and hence the bands 
are type, i.e., However, the absence intensity 
alternation the lines all observed branches indicates that itself 
greater than zero (see Herzberg 1945, pp. 380, 389) and hence the transitions 
are vibronic type etc. such transitions branches are 
weak although not altogether absent, their relative intensities increasing 
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rapidly with (see the formulae, Herzberg, 1950, 208). 
and higher transitions the branch would expected have 
intensity comparable that strong line the branch and would have 
been definitely recognizable three the four bands analyzed (see Fig. 
would have been obscured the head a). Hence least three the 
transitions are vibronic type The relative intensity the branch 
expected such cases indicated two small doubly-hatched triangles 
Fig. 

The vibrational analysis has shown that least one band each the 
pairs Aa, and involves only totally symmetric (including zero) 
vibrational levels for which the electronic symmetry type must the same 
the vibronic species; and later considerations (see below, Section (c)) 
indicate that both members pair should involve the same vibrational 
symmetries. Hence, the vibronic symmetries associated with all four bands 
should the same and equal the symmetry the transition, 
which therefore 

addition, the electronic states are expected have the symmetry 
However, these cannot distinguished unless transitions other electronic 
states known symmetry are observed. 


(c) Electronic State Multiplicities 

the absence further evidence, far would seem reasonable 
proceed with the analysis the four bands the assumption that they are 
due transitions between two singlet 

Before the rotational constants can determined, necessary fix 
the positions the band centers, i.e., determine the absolute numbering 
the lines the branches. According the vibrational analysis, the vibra- 
tional transitions involved should the type (0,0) and (0, and 
and where and are two analogous frequency 
intervals the upper and lower states respectively. These levels are illustrated 
Fig. The four bands should form two pairs, each with member 
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group and group having common upper-state combination differences 
and rotational constants. The usual way finding the correct absolute 
numbering assign arbitrary numbering the various bands 
determine provisional rotational constants and see how these constants 
vary with changes absolute numbering. There then only one numbering 
for which the two bands with one state common yield the same value 
tor that state. 

Accordingly, with arbitrary numbering (X) chosen.so that the apparent 
values obtained were close diacetylene the ground state, upper 
state combination differences were formed from the lines and branches 
and plotted graphically give and the normal way. The upper and 
lower state values are sufficiently different that the four bands cou! 
given the same relative numbering inspection. The following values 
were found: 
band Aa: 


seen that the numbering fact very close the correct one 
(see below, Section (d)) and that the pairs bands with upper 
reversed relative those group 

The most important point note the difference between the two upper 
state values about 0.00125 which associated with the frequency 
interval (see Fig. 6). similar difference found the values 
was pointed out the vibrational analysis that were this interval 
vibrational nature, the mode involved would most probably one the 
lower ones. The difference expected would the order 
one two the interaction constants. Some estimate 
their probable values can made very roughly from the equations given 
Shaffer and Nielsen (1941) for linear treating the C—H groups 
single masses and using the constants and bond distances Jones 
The latter author also gives experimentally determined values 
for some the high frequency modes. For the low-lying modes the upper 
limit for appears about 0.0002, and for the others 0.0004 The 
observed difference therefore between three and six times too large 
the frequency interval vibrational. 

This discrepancy presents the most decisive single piece evidence 
favor the alternative assumption, that the electronic states the transition 
are doublet states belonging case (a), the vibrational analysis 
requiring both states regular inverted. The frequency intervals 
and are then the separations the origins the doublet components, 
nearly equal the spin orbit interaction constants and and the four 
bands which have been analyzed form two pairs subbands. The actual 
values and cannot obtained directly, may seen from Fig. 
since the separation the subbands gives only their difference. 
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Indications favor this interpretation were already mentioned the 
vibrational analysis and the rotational analysis henceforth will based upon 
it. Doublet states imply that the carrier the spectrum ion di- 
acetylene, presumably test this conclusion two additional experi- 
ments were carried out. Firstly, the spectrum involved singlet states, one 
them should capable combining strongly with the ground state 
diacetylene and the resulting spectrum should occur emission the same 
time the spectrum. search was made from 1300 9000 and 
other spectrum was found, although band one hundredth the intensity 
the spectrum would have been observable. Secondly, the carrier gas 
the discharge tube was varied. Helium, argon, neon, and hydrogen have 
ionization potentials considerably above that diacetylene, which Price and 
Walsh (1945) found 10.79 ev. from observed Rydberg series. The 
spectrum emitted strongly with these gases present excess. They 
were now replaced benzene, whose ionization potential less than that 
diacetylene, namely 9.19 ev. The spectrum emitted was weak blue continuum 
(Schiiler and spectrum, 1952), but there was now trace 
the spectrum until the concentration diacetylene exceeded that 
the benzene itself, i.e., until the diacetylene had become the major constituent 
the carrier gases. This suggests that more than 9.2 ev. required excite 
the spectrum, i.e., that the diacetylene has ionized. 


(d) Rotational Constants 

The measured line positions all four bands are collected the Appendix, 
Table A2. well over three-quarters them are more less blended, 
distinction made from unblended lines. 

For electronic states belonging strictly Hund’s case (a) the rotational 
term values each component given vibrational level are given 


There addition for each component term independent involving 
whence equal 3/2 1/2 units for states), which may taken 
into the spin splitting. will differ slightly for the doublet components and 
the larger value will always found for the upper the two, independent 
whether the doublet regular above inverted. therefore 
possible from values distinguish only the upper levels from 
the lower but not distinguish between regular and inverted states. 

Equation (1) identical form with the familiar equation for singlet 
states and the rotational constants may evaluated from the data exactly 
the same way. There one difference: doublet states takes half-integral 
values and the numbering the and branches starts differently the 
band center. This illustrated Fig. which assumed that 
zero for simplicity. forming combination differences, 
the lines taken expressed terms the running number 
analysis. 
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2 2 
Rin \ | | 


attempt find the absolute numbering the branches was made 
explained the previous section. The rotational constants and were 
recalculated for transition and the values obtained for various 
numberings are shown Table IV. The estimated errors the values are 


TABLE 
VARIATION WITH ROTATIONAL NUMBERING 


Subband 
Numbering 

4b Bea Aa Bob 

0.15299 0.15292 0.15436 0.15456 

0.14620 0.14621 0.14755 0.14767 

0.13941 0.13951 0.14073 0.14078 

0.13262 0.13280 0.13391 0.13389 

0.12584 0.12609 0.12709 0.12700 

0.11904 0.11939 0.12027 0.12011 
Errors +0.0002 0.0001 0.0001 0.0001 


given the bottom. Because the relatively poor values for the decisive 
pair subbands are and These agree most closely numbering (W) 
although their accuracy would not exclude displacement two either way. 
However, will chosen for the following reasons. For any value 
Table the value above the same column would the corresponding 
value Thus for numbering (X) the values would those row 
and similarly upwards. The mean the values row 0.1469, which may 
compared with Jones’ value 0.1464 for diacetylene the 
ground state. (His absolute numbering, which was slightly doubt for the 
same reasons those here, has been confirmed the pure rotational Raman 
spectrum the gas (Callomon and Stoicheff, unpublished).) The vibrational 
analysis has shown that the normal frequencies the lower state are somewhat 
lower than those the diacetylene ground state, and seems unlikely that 
polyatomic molecule general decrease the force-constants would 
accompanied decrease the moment inertia, which numbering (X) 
would imply. the same argument, the relatively small decrease the 
lower state frequencies can taken indicate that large increase moment 
inertia also unlikely, and the values corresponding numbering (W) 


| 


as 
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are 
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TABLE 
ROTATIONAL CONSTANTS, ANALYSIS, NUMBERING 


0.13262 0.13280 0.13391 0.13389 
+0.0002 +0.0001 +0.0001 +0.0001 
0.13941 0.13951 0.14073 0.14078 
+0.00001 +0.000005 +0.000003 
+0.6 +0.8 
0.009 0.03 0.014 0.03 
19,723.99 18,752.43 19,721.72 18,756.39 
2.73 2.76 2.76 2.74 


WEIGHTED MEANS 


Lower component Upper component 


Boett 0.13274 0.00116 0.13390 
+0.00015 +0.00007 
(+10%) 
ett 0.13945 0.14079 
0.13954 0.00118 0.14072 
+0.000089 
+0.000008 
971.56 965.33 
0.13332+0.0001 
0.14013 


19,722.85 2.4452 ev.) 


seem highly reasonable. Analogy with the spectrum and the structure 
the Rydberg series diacetylene observed absorption, both 
discussed below, also favor it. 

The remaining constants and were obtained graphically from 
values the usual way. The energy level scheme Fig. 
shown revised form Fig. and all the constants are collected Table 

The standard deviation line positions from those calculated with the 
constants Table are also given Table Rather more lines could 
measured band than and hence the higher standard deviation (0.03) 
led little loss accuracy the constants. unfortunate that the 
best-measured subband the returning branch should almost coincide 
with the branch. the analysis was assumed that the coincidence was 
exact, and then the random errors and were only about quarter 
those quoted Table with standard deviation line position 
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v"=0 


0.009 However, would difficult distinguish small divergence 
such that the line R(60) was just resolved from the overlapping line, 
displaced from 0.05 The corresponding systematic uncertainty 
leads the larger errors actually quoted the table. 

The weighted mean values and the values give the 
values The true values the doublet states are the means the 
values the components. 

The intervals between band heads and band centers are given show how 
constant they are. The electronic term difference for the transition includ- 
ing zero point energies can seen from Fig. the mean for the 
two subbands 

The values about found for may compared with 
calculated for diacetylene with Kratzer’s simple formula 4B*/w?, where 
the lowest-lying stretching frequency, and 1.65 for valence force field 
with the constants given Vallance Jones. difference between and 
could detected. 

Bands and are transitions from common upper state vibrational 
levels and the lower state. Hence the differences between (B’—B’’) 
give effective values which may written where the 
suffix has been added because perturbed Fermi resonance. Besides 
being very small, the two values obtained the two doublet components are 
opposite sign suggesting that the intensity Fermi perturbation differs. 
This also reflected the vibrational frequencies themselves; subtracting 
the appropriate values the frequency the apparently more strongly 
perturbed the lower doublet component seen 6.23 greater 
than that the upper. 

addition, one the plates group was sufficiently exposed that 
one the subbands could partly analyzed. About lines the branch 
0.0005 Its positive sign confirms the assignment stretching mode. 
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Estimates can now made the values the spin-splitting constants 
and These are related the effective values the doublet compo- 
nents through the equation (see Herzberg 1950, 233) 


(2) Berr=B(I4B/AA+ oe 


A = 2B2/ABers 


first approximation. The values for the upper and lower states 
are given Table Individually they depend the difference between 
two measured values and hence their absolute accuracy not great; the 
difference between them, however, depends the difference between two 
measured values which are known very precisely. The values 
obtained are: 

=30.6 

=33.3 


These are probably accurate better than +10% but their relative 
accuracy much greater. compared with the 
measured value —2.3 

The basic equations (1) and (2) are good approximations only for Hund’s 
coupling case (a). However, may readily shown that the more accurate 
formulae Hill and Van Vleck give the present case (large A/B) very 
closely the same results (to 

There remains the question A-type doubling (see Herzberg 1950, 226) 
which, the case bands symmetric linear molecules, leads the 
well-known the present case, staggering obvious. The 
lines low are heavily overlapped and those high weak and obscured 
weak subsidiary band heads. seemed likely that very small staggering, 
present, would detectable only two places, subbands and 
the ten lines the branches above and respectively. 
First and second differences were taken; any staggering the lines would 
reflected directly the latter, which would otherwise constant. small 
regular staggering was found each case. subband the average dis- 
placement the lines was +0.009 with standard 
deviation 0.006 (compared with the line half-width 0.05 and 
standard deviation measurement over the whole band 0.009 and 
for subband the average displacement for the lines (423) was 
+0.027 with scatter +0.023 The smaller value for subband 
would indicate that represents the transition (see Van Vleck 
1929), i.e., that the two states are inverted. 

summarize, the rotational structure shows that the spectrum 
transition between two states linear molecule both belonging Hund’s 
case (a), the most probable moments inertia differing only 4.3 and 8.9% 
from that the diacetylene ground state. There some evidence that both 
states are inverted. 
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THE SPECTRUM AND THE ELECTRON CONFIGURATION 
DIACETYLENE 

(a) Electronic Configuration and Molecular Orbitals Diacetylene 

The spectrum will more completely understood its electronic 
states can identified with ones predicted type and separation from the 
electron configuration the molecule. For spectroscopic purposes the electron 
configurations polyatomic molecules, especially the unsaturated organic 
type, are represented most usefully and successfully terms delocalized 
one-electron wave functions, molecular orbitals, derived first approxi- 
mation from linear combinations atomic orbitals. The well-known correlation 
rules determine the types states which result when two atoms approach 
form diatomic molecule, and the same principles may applied build- 
ing larger molecules from smaller ones. Thus, the molecular orbitals 
diacetylene may linked those acetylene considering what happens 
when two radicals approach each other on-axis form molecule. 

The orbitals acetylene have been much studied (e.g., Ingold and King 
1953, 2712) and their configuration may written the usual notation, 


neglecting inner closed atomic shells: 


2shc, a)” (1su, 2spc, (2sp, (2p, 


hydrogen atom may now removed give C2H radical leaving 
2sp orbital temporarily unoccupied. Two such radicals are now combined 
create the chain four carbon atoms through bonding 
orbitals (2sp, the absence interactions, the eight 
would all equivalent; however, the chemical evidence conjugation and 
the physical evidence bond lengths and force constants indicate that strong 
interaction does occur. The are further delocalized and occupy two 
groups four equivalent four-center orbitals, outlined Price and Walsh 
(1945, 386; Walsh 1948, 79). These are formed according the two ways 
joining two acetylene orbitals: 


They can seen from the diagram again symmetries and 
with bonding and antibonding character now across the central link 
and accordingly differing energies. This representation has been used 
basis for quantitative calculations Serre (1954). 

corresponding slight interaction between the orbitals may also 
taken formally into account, although the energy difference between the 
resulting and orbitals probably small. The over-all valence electron 
configuration the diacetylene ground state then: 


(1s, 2sp, 2sp, o)o-n (2sp, (2sp, (2sp, 


| 


= 
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From this possible make predictions about the states the ions which 
result when outer electron removed from one another the orbitals. 


(b) The Ions Diacetylene 

The ground state the ion obtained removing electron from the 
highest occupied orbital the neutral molecule, i.e., electron. The first 
excited state the ion then obtained removing electron from the 
neutral molecule. Other excited states the ion may obtained removal 
electrons, but these would expected lie higher energies and need 
not considered further here. 

The first two states the ion therefore have the electron configurations 
and respectively. The electronic states corresponding 
these are unique and are and indicating that they are inverted 
(see Mulliken 1932, 10); the spectrum immediately suggests itself the 
observed allowed optical transition between them (see Fig. 9). 


(ev) 


13.24 


C, Ht 
10.79 


RYDBERG 
SERIES 


Such transition would expected have very high intensity. 
calculation the basis outlined Herzberg (1950, 384), making the 
same assumptions, gives value the oscillator strength about 0.5, 
although this necessarily very rough estimate. Nevertheless, places such 
transition amongst the most intense. Consideration the conditions the 
discharge tube, which the total concentration neutral diacetylene 
only about 0.1 mm., shows that the intrinsic intensity the spectrum 
must very high, the order that allowed atomic transition. 

Further evidence available from the Rydberg series diacetylene de- 
scribed Price and Walsh (1945), and comparison with those acetylene. 
For the latter, Price (1935) found two Rydberg series which gave ionization 
potential 92,013 11.41 ev. From the separation and heads 
one the Rydberg series, concluded that there increase moment 
inertia about the upper Rydberg states compared the ground 
state. The first Rydberg series diacetylene are every way similar those 
acetylene, although and heads could not resolved. Two series 
common limit and fit the equations: 
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The mean ionization potential 87,042 10.79 ev. assumed that 
the removal electron diacetylene lengthens the C=C bonds the 
same amount acetylene, the moment inertia would increase about 
3%, keeping with the observed vibrational structure the Rydberg series, 
which very similar that the case acetylene but somewhat less 
extensive. consists mainly progression v2’ with spacings (measured 
off Price and print) 2150+50 The Rydberg series therefore 
indicate picture the ion diacetylene very similar that the lower 
state the spectrum deduced the preceding sections with the 
rotational numbering there adopted; the value for was 2174 and the 
moment inertia was 4.3% greater than that the diacetylene ground state. 

The first ionization potential acetylene 11.41 v., and that 
diacetylene 10.79 v., lowering due conjugation 0.62 were 
now assumed that the second ionization potential diacetylene had 
been raised equal amount above that acetylene, rough estimate 
(which lower limit) could made the energy difference between the 
two states the ion and the frequency the allowed transition between 
them. The value 1.24 v., 10,000 that for the spectrum 2.45 
v., 19,723 

Finally, estimate can made the separation the doublet components 
the states the ion due spin-orbit interaction. The odd electron moves 
molecular orbitals which are first approximation normalized linear 
combinations atomic carbon orbitals and hence spin-orbit interaction 
between the electron and molecular orbital would expected related 
properly weighted mean the values for the pure atomic orbitals them- 
selves. 

Mulliken (1932, 34; 1934, 559) has given the simple relations between 
the observed over-all multiplet widths atomic and molecular states, the 
spin-splitting constants and the one-electron spin-orbit interaction con- 
stants which are the determining parameters. the present case, the 
molecular orbitals are built from four carbon atoms which are non-equiva- 
lent their contributions; they have, however, been modified the removal 
one electron and this may allowed for considering each carbon 
sort hybrid atom with one quarter ionic character. Consequently, the 
might expected lie between those and roughly mean 
weighted the ratio 3:1. Values are given Table below (from 


TABLE 
SPIN-ORBIT INTERACTION CONSTANTS 


State 


extensive molecular orbital calculations Serre (1956) lead value 2.70 
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Moore 1949). The 3:1 weighted mean 32.4 and hence the expected 
doublet separation —32.4 The values deduced for the states the 
spectrum were —30.6 and —33.3 

summarize, consideration electron configurations and the evidence 
Rydberg series predicts the existence two states the diacetylene 
ion whose symmetry types, energy separation, spin-splitting, and allowed 
transition moment agree with those the spectrum sufficiently well 
leave little doubt its identification. 


COMPARISON WITH ANALOGOUS SPECTRA 


The electron configuration and molecular orbitals carbon dioxide were 
first studied Mulliken (1935). The number and types orbitals occupied 
electrons the ground state are similar those diacetylene, and 
removal electron from successive orbital shells gives states the ion 
also completely analogous. Transitions between these states are allowed and the 
spectra were analyzed Bueso-Sanllehi (1941) and Mrozowski (1941, 1942) 
the same extent the spectrum above. The characteristics one 
these spectra and the spectrum are analogous detail. 

According Mulliken, the outer shell electron configuration may 
written 


(2s)6 (2s)6 (2po, 2sp, o,)oco (2po, 2sp, ou)oco (2p, (2p, 
The last three shells are formally, order decreasing energy, non-bonding, 


O—C—O and antibonding, respectively. Removal 
electron from each turn gives three unique states the ion: 


The transition known emission the Fox, Duffendack, and 
Barker system 28,500.5 A), analyzed Mrozowski; and 
the transition the well-known persistent 2883-2896 doublet, 
34,597.9 analyzed Bueso-Sanllehi. They are well shown 
Pearse and plate (2) (1941, 1950), and look much like the 
spectrum. the latter, there are progressions the symmetrical stretching 
mode which appears perturbed (as the ground state 
double quanta the bending mode v2. The degree perturbation here also 
differs markedly the doublet components, giving rise irregular groups 
bands. using high temperatures the discharge, upper-state progressions 
could also observed. The values for were about 1265 for the 
and 1126 for the states compared with 1329 for (corrected 
for Fermi resonance); only the zero levels the state were observable 
the emission spectrum, but from the vibrational structure Rydberg 
series, the value close 1120 Thus, the removal non-bonding 


—— 3 
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electron reduced 4.8%; bonding electron 15.3%; and formally 

The moments inertia were similarly affected. The values the 
and states were 0.3806, 0.3493, and 0.3784 compared with 
0.3903 for the ground state. These are decreases 2.5%, 10.5%, and 
3.0% respectively. Both states belong case (a) and are inverted. 
The doublet separations are again roughly expected from the atomic 
spin-orbit interaction constants. 

There are number spectra diatomic molecular ions which 
electron moved from bonding antibonding orbital. Such transitions 
have been designated transitions Mulliken (1939). The prototype 


The case entirely analogous that and Only one state 
results from each electron configuration. This type electron transfer spectra 
might equally well regarded transfer spectra. 
Under the proper conditions, many more molecules might expected give 
such spectra, e.g., (cyanogen), polyacetylene ions. Discharge 
tubes the Schiiler type suggest themselves good sources. 


APPENDIX 
(a) Tables Measured Frequencies 


See Tables and the end the paper. 


(b) The Near Ultraviolet Absorption System Diacetylene 

the attempts mentioned previously identify one the states the 
spectrum with known state diacetylene, the absorption spectrum 
the gas was photographed the region the second order 
the 35-ft. grating with resolving power again about 400,000, corresponding 
line half-width about 0.1 cm. cell was used filled with gas 
pressure about 150 mm. which the rotational line half-width due 
Doppler and pressure broadening, calculated with optical collision diameter 
1.5 times that acetylene (see Smith 1952), also 0.1 

The spectrum consists very large number very sharp band heads 
irregularly spaced, described Woo and Chu (1937), who used large 
prism instrument. Most are degraded shorter wavelengths, but some are 
sharp that shading could seen. None them occur regular pairs 
like and heads. point the spectrum could rotational structure 
observed; the spectrum completely predissociated. The diffuseness 
increases towards shorter wavelengths until even the heads cease sharp 


antibonding electron from diacetylene leaves the carbon-carbon bond force 
constants virtually unchanged (see Table and affects mainly the C—H bonds; thus and 
decrease 0.3 and 1.5% respectively, whereas decreases 5.8%. 
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(below 2600 Woo and pressure and merge into each 
other. This reflected the ease with which diacetylene photolyzed. 
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TABLE 
COLLECTED VALUES MEASURED BAND HEAD 


the head each group are given the vibrational assignment 
the sequence; whether not the bands the group show regu- 
larity their spacings; the wavelength air the principal head 
the sequence the spectrum; and rough visual estimate 
its intensity whole, relative other groups, scale 100. 

Values listed are vacuum wave numbers, measured with grating 
instruments; few measured with prism instrument are marked 
(p). Some the leading bands are labelled with small letters, and 
some spacings the regular groups indicated. Groups marked (n) 
are additional those introduced Schiiler and Reinebeck. 


I em7! 


Group Z_ ?(v3 or 2v7, 0) 
Irregular; strongest bands 6 4856.00 and a 4869.20 A; intensity 5 


20,560 (p) 
537 
521 
512 
462 


4 
0. 
95. 
2.3 
7. 


~ 


No 


Group 
Regular; strongest band Ab 5067.858 A; intensity 100 


00 19,868.5 
55.1 


0 
1 
0 
0 
0 
0 
1 
1 
1 


Or 


Om 


1070 
B 2 
76.8 
71.5 
66.5 
49.0 
46.7 
31.6 a 
16.4 
19,866.33 
53.97 
41.49 41.8 
29.40 788.3 
08.27 
Oe 
76.45 13.7 
70.65 74.3 
1.78 9 
58.56 64.6 
13.58 14.0 
Wire 
57.22 58.6 
53.63 
2.2 
49.42 35.6 
13.89 33.5 
45.61 08.9 
45.18 07.9 
41.14 04.8 
03.8 
2.06 694.3 
c——! 14-11 93.1 
36.87 89.3 
87.9 
2.21 81.0 
24.50 a——! 79.7 
17.53 
15.56 
07.97 
05.75 
02.22 
692.65 
88.36 
84.18 
77.78 
60.44 
58.67 
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TABLE (continued) 


Group A’ (n) ?(m’, 
Irregular; strongest head a 5142.04 A; intensity 8 


19,471.2 8 19,517.6 5 
60.4 5 07.1 «a 10 
47.5 a 10 


Group Bi (0, va’) 
Irregular; strongest band Bid 5299.042 A; intensity 30 


18,907.10 00 18,990.2 0 
04.97 00 69.7 1 
02.55 0 53.1 3 

899.99 0 50.0 f ' 2 
90.70 2 46.8 e 14.0 3 
88.17 0 36.0 d—- | 5 
86.63 00 12.4 | 
82.69 2 34.4 ¢ | 5 
81.26 1 17.2 
78.38 1 27.5 15.6 | 3 
76.77 5 18.8 ab annem 10 
76.11 3 898.0 3 
74.04 2 95.9 3 

0 
2 
0 
0 
7 
4 
3 
1 
4 
1 
2 


Group Bz (0, 2v7’’) 
Regular; principal band Bza 5330.369 A; intensity 50 


19,877.2 
67.2 


= 


S58 
SO N WH 


Group (n) (0, 
Irregular; strongest band a 5551.57 A; intensity 4 


18,109 (p) 


1071 
18,800.79 
90.40 | 61.7 
85.20 f— 12.18 53.4 
81.90 4.16 30.5 e— 
81.04 25.8 
12.7 
79.21 23.0 | 
77.83 12.74 178 «eo 
13.0 
3.97 794.5 
89.5 
63.53 87.3 
13.09 81.9 
59.15 b——, 75.4 
3.94 01.2 
55.21 
25.53 
16.36 
696.97 
92.35 
86.63 
84.21 
83.52 
80.40 
72.23 
69.00 
13.8 vw 
07.9 «a vw 
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TABLE (continued) 


THH Tpp 
Group C1 (0, v3’’ +2v7’’) 
Irregular; strongest band b 5591.46 A; intensity 25 
17,899.4 2 18,026.3 a 
90.9 4 
88.4 4 
86.5 4 
79.5 0b 10 
78.8 8 
66.7 4 9 
57.0 2 
Group C2 (0, 4»7’’) 
Irregular; strongest band a 5626.42 A; intensity 20 
3 17,961.2 b 6 
3 48.5 a 10 
9 
b 8 
6 
a 10 
2 
Group C3 (0, 
Regular; principal band 6 5696.39 A; intensity 25 
17,593.0 0 17,721.7 2 
88.2 1 11.6 3 
1.8 | 
818 e—' 2 693.9 d 4 
| 
80.0 16.1 3 91.9 15.8 4 
72.1 | 2 78.1 -) 10 
9! 
67.5 d 6 75.9 a——! 9 
2.2 25.2 3 
65.3. c——! 17.4 5 23.8 3 
1.5 07.4 2 
48.6 a—-! 10 
Group D2 (0, +4v7"") 
Irregular; strongest band 6 5912.88 A; intensity 12 
16,916.4 5 17,144.3 0 
07.6 6b 10 38.9 1 
05.0 a 10 30.6 2 
089.5 3 
84.0 4 
67.2 7 
50.1 a 10 
Group (n) (0, 6v7’’) 
Irregular; strongest band b 5957.74 A; intensity 10 
16,784.2 5 16,993.2 6 
1.5 
82.7 ¢ | 4 85.8 8 
80.2 b—, 10 48.5 a 10 
1.8 
78.4 a ! 9 
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TABLE (concluded) 


I em"! 


Irregular; strongest head a 6001.24 A; intensity 15 

16,701.9 7 16,889.3 
75.8 

60.6 
58.7 
32.6 
16.1 


Group (0, 
Regular; principal head 6 6026.12 A; intensity 15 
16,620.4 2 17,246.3 ff 
05.2 d—|— 6 30.1 
589.8 10 13.3 
86.2 11.3 


Irregular; strongest head 6038.73 A; intensity 8 
16,555.2 16,792.6 


Obscured by group D,, 
many weaker heads 40.8 


3 
3 
1 
68 
6 


Group (0, 2»2’’) 
Regular; principal band ca. 6502.2 A; intensity 1 


15,375 (p) 15,621 (p) 


1073 
Tpp 
3 
5 
6 
10 
3 
4 
75.0 
71.3 
58.6 a 
55.5 
49.8 
36.4 
| 2 
16.2 1 
16.8 5 
10 
8.9 
22 a 
5.4 
7.3 
2.3 
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TABLE 
FREQUENCIES MEASURED ROTATIONAL LINES; ANALYSIS, NUMBERING (W); 


Lower doublet components Fi(J) Upper doublet components F2(J) 


Band Ab (0, 0) 


— 19,719.255 
19,723.747 18.906 
876 502 
18,748.840 999 106 18.752.712 
19.981 17.659 
078 - 16.768 383 
50.960 
483 


24.496 
496 


24.216 

111 

39.866 23.999 
2% 876 


SOON 


Ww ty 


3 
34 
3 
3 
3 
3 
3 
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66.022 


655 
8l4 
960 
26.089 
322 
424 
508 
149 — 45.587 = 14.840 _— 512 
20.705 16.642 18,755,205 060 313 18,759.151 48.980 
705 107 205 44.564 13.798 151 406 
15.558 026 236 47.849 
14.992 43.477 12.656 323 
— 432 a 42.907 = 088 — 46.726 
13.898 304 11.506 111 
26.508 236 41.729 = 10.914 45.469 
424 12.656 285 44.905 
322 007 — 09.664 58.730 266 
222 11.377 — 014 622 43.612 
O89 10.724 54.650 08.369 502 42.967 
25.960 061 490 38.578 747 07.691 351 304 
F 814 09.370 331 37.899 589 O14 210 41.579 
655 08.684 195 228 429 06.317 020 40.874 
465 07.971 001 36.510 269 05.608 57.852 185 
293 248 53.840 35.785 075 04.878 657 39.462 
080 06.520 638 081 22.863 137 443 38.720 
24.859 05.753 453 34.323 653 03.410 212 37.952 
: ; 643 007 220 33.563 435 02.636 56.982 165 
_ 04.243 52.965 32.805 183 01.834 737 36.407 
lll 03.410 712 004 21.944 022 480 35.582 
23.876 02.636 466 31.218 647 00.237 196 34.786 
589 01.834 236 30.446 392 699.429 55.885 33.939 
269 022 51.886 29.612 062 98.588 614 129 
22.998 00.166 28.776 20.787 97.757 32.272 
653 699.302 296 27.925 504 96.875 54.970 31.413 
315 98.437 50.960 051 097 007 589 30.530 
21.944 97.558 644 26.191 19.766 95.118 195 29.612 
589 96.658 259 25.284 391 94.216 53.840 28.719 
200 95.749 49.891 24.406 016 93.267 497 27.847 
20.787 94.818 512 23.492 18.618 92.391 — 26.837 
418 93.882 111 22.539 160 91.436 — 25.908 
19.981 92.929 48.658 21.626 17.786 90.496 — 24.952 
534 91.977 264 20.633 324 89.515 _ 23.993 
078 90.991 _— 19.692 16.910 88.530 _ 002 
18.618 006 _ 18.682 436 87.530 ae 21.997 
160 88.999 — 17.689 15.961 86.515 — 20.963 
17.659 87.986 46.395 16.722 442 85.488 —_ 19.943 
149 86.953 45.857 15.698 14.992 84.478 —_ 18.881 
16.642 85.902 302 14.660 432 83.406 — 17.847 
107 84.840 44.905 13.574 13.898 82.335 — 16.863 
94 15.558 83.767 266 12.528 81.239 15.698 
60} 14.992 82.680 43.780 11.418 12.812 80.188 _ 14.586 
61} 432 81.566 213 10.359 216 79.063 —_ 13.537 
624 13.898 80.452 42.622 09.249 11.656 77.960 —_ 12.311 
634 236 79.329 087 08.147 _— 76.798 —_ 11.205 
644 12.656 78.183 —_ 06.995 10.450 75.671 _ 10.024 
007 77.047 40.874 05.829 09.804 74.545 08.756 
664 _ 75.919 — 04.752 158 73.340 = 07.689 
673 74.715 03.502 08.512 72.139 06.530 
68} 73.477 38.945 02.332 07.841 70.951 05.362 
694 _ 72.286 269 01.105 — _ 04.150 
71.077 37.601 699.891 02.843 
69.881 36.833 98.638 01.609 
68.539 156 97.436 00.328 
67.233 35.383 96.175 699.065 
75} _ 64.739 33.939 93.546 _— 96.451 
764 63.453 92.354 95.139 


NOTES 


NEW CANADIAN PRIMARY RADIUM 


The National Research Council Canada has recently acquired new 
primary radium standard. This standard one the twenty which were 
prepared (1945) from radium salt had purified for 
atomic weight determination; carefully weighed amounts this salt were 
sealed into glass tubes form the standards. 

set secondary standards, compared their gamma radiation with the 
national standard, also custody the National Research Council 
carry out measurements samples radium submitted for certification. 
National radium standards contain amount radium the weight which 
probably known accuracy whereas for routine measure- 
ments radium samples accuracy between +0.5 and 1°% achieved 
this laboratory. 

The first Canadian radium standard was not weighed standard but was 
certified content comparison with two weighed standards the 
International Radium Standards Commission 1933. has also been com- 
pared with other national radium standards (Michel and Whyte 1955); 
however differs considerably physical dimensions from the other standards 
that large corrections must made for differences gamma-ray absorption 
within the standards. The results the intercomparisons give value this 
standard which slightly higher than the certified one. For these reasons, 
was felt advisable replace the former standard with weighed standard, 
similar size and shape other national standards, and 1955 one the 
standards was acquired. Particulars both standards are given 
Table 


TABLE 


PARTICULARS OF THE STANDARDS 


Identification No. 5425 


Content (mgm.) 4.23, (1934) (1934) 
Length glass tube (mm.) 

Internal diameter (mm.) 3.0 

Wall thickness (mm.) 0.27 
Volume occupied salt 
Approximate density salt 2.2 


*As certified the International Radium Standards Commission, corrected for 1934. 


N.R.C. No. 4068. 
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Comparisons the former and the new standard have been made using the 
National Research Council standard radium measuring apparatus which con- 
tains one-atmosphere, air-filled, parallel-plate ionization chamber (Michel 
1955). scintillation counter has also been used. Details the method 
measurement and corrections will given forthcoming publication. 
After application the appropriate corrections for absorption within the 
standards, the following mean ratio for the contents has been obtained: 


former standard No. XIII 


using weight for No. 5425 (Table the derived content 
No. XIII 


which corresponds mgm. radium element. This 0.06% higher 
than the certified value 24.23, mgm. radium element. For the accuracy 
required for routine measurements this difference completely negligible 
and therefore the use the new standard will not alter the results measure- 
ments radium sources submitted for certification. 

Earlier the new standard had been compared with number other 
national standards. 1955 was included series intercomparison 
measurements some the remaining standards, the inter- 
national primary, and the former Vienna standard, which were undertaken 
Prof. Kipfer and Mme. Joliot-Curie Brussels. The new Canadian 
standard was also compared with the Austrian, British, German, and 
standards. Although most the results are only preliminary, they indicate 
that the derived contents deviate from the certified weight both directions 
most 0.2%. final conclusions can drawn from these measurements 
before the final figures are available. 


1945. Anz. Akad. Math.-naturw. KI. 82: 30. 

W.S. 1955. Radium certification Canada. National Research Council Canada, 
Ottawa, Publ. No. 3675. June. 

MICHEL, and 1955. Can. Phys. 33: 521. 
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PERIODIC FLUCTUATIONS OXIDE-CATHODE DIODES* 


REDHEAD 


Periodic fluctuations very low frequency have been observed the 
current through oxide-cathode diode; the cause this has not yet been 
established. These periodic effects may important any measurements 
very low frequencies using oxide-cathode tubes, and may explain some 
the anomalous results obtained the measurement flicker noise very 


low frequencies. 
Measurements were made low-frequency fluctuations thermionic 


diodes using the circuit shown schematically Fig. most the measure- 


GALVANOMETER 
AMPLIFIER 


PEN 
RECORDER 


Fic. Schematic circuit diagram. 


ments 10,000 ohms. The output the bridge was fed galva- 
nometer amplifier having response time 0.15 sec. and high input imped- 
ance; the output the galvanometer amplifier was recorded pen-recorder 
0.6 sec. response time. Full scale deflection the pen-recorder maximum 

Periodic voltage fluctuations the bridge output were observed some 
occasions; the period these fluctuations ranged from 120 sec. Examples 
these periodic records are shown Fig. These periodic fluctuations 
would start, stop, change frequency completely random fashion; 
however they have been observed continue with nearly constant period 


*Issued N.R.C. No. 4069. 


, 
a Ro 
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Fic. Examples periodic 

(A) Tube Type 5751, No. Section Anode current ma. Full scale deflection 
(B) Tube Type 5751, Section Anode current ma. Full scale deflection 
(C) Tube 5751, No. Section Anode current ma. Full scale deflection 2500 uv. 
The time scale three 


for long min. Owing the erratic nature the phenomena has not 
been possible, far, determine the dependence the fluctuation period 
cathode temperature and anode current with any certainty. general, the 
periodic effect observed only after the tube has been allowed stabilize 
for some hours fixed cathode temperature and current. 

The periodic effect has been observed two tube types (5751 and 5965); 
these tubes are twin-triodes which were diode-connected for these measure- 
ments. All tubes tested total six) have shown this periodic effect. The 
cathode coating these tubes BaO-SrO and the cathode core contains 
approximately 0.2% Si. The diodes were operated under space-charge limited 
conditions and anode voltages less than two volts. 

degree covariance has been observed between the amplitude pulse 
and the period following the pulse those records exhibiting the most stable 
oscillations. The correlation coefficient all cases exceeds +0.9 for samples 
approximately pulses. 

Since similar periodic voltage fluctuations have been observed electrolytic 
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cells, simultaneous measurements the battery voltage were made check 
that the battery was not the source the periodic effects. Measurements 
indicated that change battery voltage about 300 was necessary 
cause change bridge output corresponding the amplitude the observed 
periodic pulses, cathode temperature 1050°K. and anode current 
could observed the battery voltage larger than and these fluctua- 
tions were purely random. All the components the bridge were wire-wound 
and extreme care was taken shield the bridge from all external fluctuations. 
When the diode was replaced resistor approximately equal value 
the d-c. resistance the diode, the fluctuations observed the bridge output 


were purely random. 
Having established that the periodic fluctuations are caused the tube 


and not the external circuit, interest determine the magnitude 


the changes some the relevant parameters necessary cause the observed 
fluctuations. The following table lists the calculated variation the various 
parameters necessary produce output from the bridge when the 
resistance series with the diode large compared the d-c. resistance 


the diode. 


Change producing Assumed 


Parameter output conditions 
Anode work function 
Cathode work function Full space-charge limitation 
Cathode resistance ohms ma. 
Heater voltage 3.6 6-volt heater 


Measurement the fluctuations the heater voltage showed that these 
were less than one microvolt and purely random. Thus fluctuation cathode 
temperature caused battery fluctuations cannot explain the observed 
periodic The periodic effect cannot caused ionized gas within 
the tube since the anode potential was always less than the lowest ionization 


potential. 

Burgess (1955) has recently published analysis temperature-sensitive 
elements and shows that oscillations can occur very low frequencies under 
certain conditions. These oscillations have been observed thermistors and 
crystal diodes. similar mechanism the oxide cathode may explain the 
periodic fluctuations observed thermionic diodes sufficiently large 
capacitance exists across the oxide layer. Measurements oxide cathodes 
indicate that this shunt capacitance may quite large (Nergaard 1952). 

Measurements are being continued establish the mechanism responsible 


for these periodic fluctuations. 


NERGAARD, 1952. RCA Rev. 13: 464. 
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SOME UPPER LIMITS ISOTOPIC Mn, and 
LARKIN KERWIN 


During the progress recent work with our inflection mass spectrometer, 
has been possible establish the upper limits abundance for number 
isotopes. Some the species reported here not appear have been subject 
previous search; others have previously been established non-existent, 
but with higher upper limit abundance. The present status the isotopic 
abundance the elements argon, manganese, and cadmium therefore 
follows: 


Abundance, Reference 


Argon 

<0.01 This note 
<0.01 This note 

0.337 Nier (1950) 
<0.005 Nier (1936) 

0.063 Nier (1950) 
<0.01 Nier (1936), this note 
99.600 Nier (1950) 
<0.01 Nier (1936), this note 
<0.003 Nier (1938) 
<0.01 This note 


Manganese 


<0.01 This note 

<0.01 This note 

<0.0004 White al. (1956) 

<0.0003 White al. (1956) 

100.0 This note 

<0.01 This note 

<0.006 Samson and Bleakney (1936) 
<0.01 This note 

<0.01 This note 

<0.01 This note 


Cadmium 


<0.01 This note 
<0.01 This note 
<0.01 This note 
1.215 Leland and Nier (1948) 
<0.01 This note 
0.875 Leland and Nier (1948) 
<0.01 This note 
Leland and Nier (1948) 
Leland and Nier (1948) 
Leland and Nier (1948) 
Leland and Nier (1948) 
Leland and Nier (1948) 
This note 
Leland and Nier (1948) 
This note 
Nier (1936) 


Isotope 
103 
Cd 104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
Cd 114 
115 
Cd 116 
117 
118 
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NOTE THE ZENITH ANGLE DEPENDENCE COSMIC RAY 
PROTONS SEA LEVEL! 


previous papers (Ogilvie 1955 b), has been shown that the ‘heavy 
particle selector’ may used reliable proton detector both sea level 
and high altitudes. The present note will describe its use study the 
angular dependence protons the momentum range 700 1100 Mev./c. 


DESCRIPTION APPARATUS 


The apparatus was generally similar that employed the previous 
investigations, except that the sensitive areas the Geiger counter trays were 
reduced from in. square in. in., while the area the Cerenkov 
tank remained the same. additional Geiger counter tray was incorporated 
the apparatus, above the top tray, form fourfold telescope, during some 
the observations. Thus the separations the extreme trays could either 
213 in., three trays, in., four trays. The whole apparatus could tilted 
about horizontal axis passing through its center gravity, and parallel 
the side length in., and could set vertically and degree intervals 
between 50° and 50° Changing from East West was done rotating 
the whole telescope azimuth. was set below light wooden roof the 
cosmic ray observatory Ottawa, altitude 320 ft. above sea level. The anti- 
coincidence, proton, and the triple quadruple, meson, counting rates were 
recorded. The telescope contained 3.8 cm. lead and cm. water absorber. 
Proton counting rates were corrected, for barometric pressure variations, 
using the previously determined pressure coefficient (Ogilvie 


RESULTS 


The results obtained for the triple and quadruple counting rates are detailed 
Table 


N.R.C. No. 4083. 
2Was National Research Laboratories Postdoctorate Fellow. Now with the University 


Sydney, Sydney, N.S.W., Australia. 


= 
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TABLE 
MESON COMPONENT 


zenith 
angle, Triples, East, Triples, West, Quadruples, West, 
degrees 


counts per hour counts per hour counts per hour 


8225+20 8080 +30 2262+40 
6109+50 6015+40 
3495 +60 766+30 


The disagreement between the two experimental values for triples zero 
degrees probably due the azimuthal axis the apparatus not being 
exactly vertical. this so, the discrepancies between these two values and 
their mean about can explained inclination 3°. correction 
will made for this since the other angles were defined quadrant whose 


TRAYS 


Fic. distribution counting rate telescope easterly and westerly directions, 
with three and four counter trays, corrected for the telescope angle. 


for 


Actually 
log r/log cos N+log N)/log cos 

where the second approximation the value 
have been obtained assuming the telescope made 
two uniformly sensitive areas, equal the effective areas the trays 
used, and the results are set out Table below, together with the expressions 
from which the calculations were made. Linear interpolation between the 


degrees 


for 


accuracy was +}°. The results are shown the form plot the expo- 
nent assumed law, against Fig. They are corrected for the 
finite acceptance angle the telescope, and this correction will now dis- 


cussed. 


Values 
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TABLE 
VALUES 


The results from which these factors were calculated are: 


N=4 


1.0263 


1.0997 


sin sin 


sin 


sin 


1/3 


tude xo, and the tray separation being They are obtained expanding the counting rate 
telescope series and neglecting higher terms. 


= 
= 
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integral values was used applying the correction the experimental 
results, Fig. Better agreement now obtained between the results for 
obtained the triple and quadruple coincidence experiments the westerly 
direction. The total absorber the telescope equal 6.4 cm. lead, 
that, for example, all mesons with momentum above about 180 Mev./c are 
counted. Using telescopes small angle Katzman (unpublished) has found 
that law, with closely equal obeyed for particles able 
penetrate cm. lead. larger value degrees found the latter 
experiments, agreeing qualitatively with the present work. assuming that 
the mesons below 300 Mev./c obey law, while those above obey 
law (Zar and Shamos 1950), and using the meson spectrum Owen and Wilson 
(1955) extended lower momenta Lichtenstein (1954), estimate can 
made the extent which the measured will raised above the 
present apparatus the inclusion lower energy mesons. The exponent 
raised 0.05, less than that observed experimentally. 


The Proton Counting Rate 
The proton, anticoincidence, rates were recorded with three and four Geiger 
counter trays the telescope and are set out Table 


TABLE III 
PROTON COMPONENT 


Triple coincidence Quadruple 
coincidence, 
Corrected West, Corrected 
angle, counts counts exponent, counts 
degrees per hour per hour triples per hour 


26.7+0.3 27.2+0.2 

13.7+0.4 13.9+0.5 2.9+0.2 3.72+0.2 


The sixth column shows the calculated exponent the formula 
from the results given, and the seventh column these are 
shown corrected for telescope angle. 

The corrected values the exponent obtained from the mean triple coinci- 
dence readings are shown column Table III. the 40° and 50° positions 
especially, these results are subject error due showers, which can cause 
coincidence between the Geiger counters without setting off the Cerenkov 
counter. This effect increases rapidly with angle, while the counting rate due 
protons falls, that large angles becomes appreciable. reduced 
the addition fourth tray, and the exponents column will not 
considered further, deductions being made from those the seventh column. 


DISCUSSION 
The zenith angular dependence cosmic ray protons altitude 
3300 meters has been measured Miller al. (1954) and Charbonnier 
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They have also obtained expression for the zenith angular intensity varia- 

tion the nucleonic component, subject the following assumptions: 

(1) primary proton intensity The momentum region under 
investigation here, 700 1100 Mev./c, similar that studied 
Charbonnier al. that this assumption will certainly more nearly 
true for the primaries the protons presently observed greater depth. 

(2) ‘‘The intensity secondaries depth due primaries zenith 
angle independent azimuth, depends only upon the diagonal distance 
gm./cm.? measured along this diagonal direction.’’ This assumption 
very great simplification the actual situation and must regarded 
justified, the average, agreement obtained with experiment. 

(3) intensity decreases exponentially with depth, with absorption 
length 120 This has been shown approximately true 
the range sea level 25,000 ft. altitude (~350 (Ogilvie 
1955a). 

(4) angular spread secondaries due radiation given direction 
represented law, centered about this direction, with inde- 
pendent The present experiments were made measure the 
exponent for the gross zenith angular distribution, and check whether 
the same value can used sea level and 3300 meters. 

Development the theory these assumptions Miller leads 


the result: 


La 


where are the zenith and azimuthal angles respectively, depth 


Numerical integration this expression for sea level the present author 
results shown Table below. These calculations are compared with the 
proton rates obtained using four Geiger counter trays Fig. The fit with 
appropriate sea level. The value obtained Miller 3000 meters 
6.5+0.7, which shows that the assumption (4) above approximately valid, 


TABLE 


n=6 


n=5 


n=4 


6.59 


5.44 6.06 
5.19 5.74 6.19 
4.50 4.87 5.17 
3.54 3.69 3.77 
2.49 2.49 2.44 
1.56 1.46 1.36 


. 
6x, 
degrees 
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co) 


COUNTS PER HR, 


Fic. Theoretical and experimental results for the angular distribution protons. 


and that the foregoing simple theory gives reasonable results when applied 
the proton beam our momentum interval between sea level and 3000 meters. 
Recently, al. (1955) have measured the angular dependence 
protons sea level, using apparatus similar the present one. Their 
results, normalized degrees, not corrected for solid angle, are shown 
Fig. Reasonable agreement obtained. 
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LETTERS THE EDITOR 


Under this heading brief reports important discoveries physics may published. These 
reports should not exceed 600 words and, for any issue, should submitted not later than six weeks 
previous the first day the month issue. proof will sent the authors. 


Gamma-Gamma Angular Correlation 


The isotope decays beta-minus emission into excited states which one 
several complex gamma-emitting nuclei species. The decay scheme 
containing some gamma-rays, has been subject number investigations (Cork al. 
1951; Fowler al. 1954; Mihelich 1954; Muller 1952; Murray al. 1955). These investi- 
gations have established that contains energy levels, the spins the first three only 
having definite assignments; i.e. for the ground state and 2(even) and 4(even) for the 
first and second excited states respectively. 

shall follow the nomenclature Murray al. (1955) and label the energy levels, from 
the ground state the 10th excited state, consecutively. The spin assignments 
levels and can investigated because the following gamma-ray cascades: 


(1) the 67.74 1222 kev. cascade, i.e. 
(2) the 152.4 1222 kev. cascade, ie. 
(3) the 67.74 1122 kev. cascade, i.e. 


Mihelich (1954) has shown from his coincidence work that the 1122 kev. gamma-ray 
transition between levels and while the 1222 kev. gamma transition between and 

These three gamma-ray cascades were investigated with highly stabilized two-channel 
coincidence spectrometer. The detectors were Nal crystals with DuMont 6292 photomultipliers. 
These fed conventional pulse amplifiers and differential discriminators. The coincidence unit 
Harwell type 1036A. resolving time 0.1 was used. The angular correlation func- 
tions were obtained least squares fit the data; and the coefficients were corrected for the 
effect finite angular resolution. should noted that the gamma-rays studied (Table 


are fairly intense (Murray 1955). 


TABLE 


Gamma-ray Gamma-ray 
energy (kev.) intensity 


The correlation function for the 67.74 1222 kev. cascade 


This corresponds spin assignment The error the coefficient 
large, but the error the anisotropy much less, being the order 12%, 
A=+(0.450+0.054). This agrees well with the theoretical anisotropy, +0.4286, 
the cascade. Other assignments were tried but were found incompatible 
with experimental results. For instance, assuming the theory apply 
its simplest form, that say without K-forbiddenness the projection the total 
angular momentum the nucleus the nuclear symmetry axis), then level will have spin 
because this model predicts the existence 677.6 kev. level which would have spin Evi- 
dence for level 680 kev. mentioned Fowler al. (1954). Level will then have 
spin and the spin sequence for the 67.4 1222 kev. cascade would 
The correlation function for this cascade was four-term function which did not fit the experi- 
mental points. Further, the assignment spin level disagrees with the assignment 
spin Murray al. (1955). Since the spin sequence not this means that 
the spectrum must contain more than one rotational band. 

Fowler al. (1954) tentatively assign the spin sequence the 67.4 1222 kev. 


cascade. The associated correlation function 
National Research Council Grant. 

This letter based work submitted R.C.W. for the degree Ph.D. the University 

Manitoba, Winnipeg, Manitoba. 
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67.74 85 
152.41 35 
1122 100 
1222 95 
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which yields anisotropy —0.2. This complete disagreement with the measured 

anisotropy, which was positive and value Thus concluded that the 67. 

1222 kev. cascade has the spin assignment Both levels and then have spin 
The correlation function for the 152.4 1222 kev. cascade 


extremely large. This expected because the low intensity the 152.41 kev. 
transition, which reduces the ratio genuines accidentals quite low value, i.e. 
The error the anisotropy not high the error however, the anisotropy 
agrees reasonably well with the theoretical value —0.104. Internal 
conversion data (Murray al. 1955; Fowler al. 1954) indicate that the 152.4 kev. transition 
pure thus, uncertainty 21% assign spin level The assignment spin 
level much more certain view the correlation cascade (1). 

Cascade (3) enables the spin levels and checked and the mixing the 1122 kev. 
transition determined. The correlation for this cascade 


—(0.196+0.062) P2(cos 6). 


The anisotropy —(0.268+0.029) yields mixing ratio with phase 180° 
between the two the 1122 kev. transition 90% and 10% within 
11% for cascade. Thus cascade (3) has the assignments: 


These spin assignments agree with the predictions the collective model when 
denness taken into account (Alaga al. 1955). Evidently there are many transitions 
which are K-forbidden. Further, according this model, possesses four rotational 
bands which explains why levels and have spin assignments and respectively. 
Level belongs the second series with spin and parity 2(+). Levels and belong 
the third series with and equal 2(—) and 3(—) respectively. The 67.74 kev. transition 
occurs between the first state the third series and the first state the second series. The 
152.4 kev. transition occurs between the second state the third series and the first state 
the second series. The high percentage the 1122 kev. transition due the K-forbid- 
for radiation. Thus the collective model the nucleus agrees with the experimental 
acts. 
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